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FOREWORD 

The  major  theme  of  this  research  was  to  develop  process  parameter-growth  environment-film 
property  relations  for  model  sputter-deposited  transition  metal  oxides,  nitrides,  and  oxynitrides 
grown  by  reactive  sputter  deposition  at  low  temperamre. 

Four  PhD  and  three  MS  degrees  were  awarded  to  students  whose  theses  were  based  on  this 
theme.  Twenty-one  refereed  publications,  twenty-eight  talks  at  national/intemational  meetings, 
and  a  patent  disclosure  resulted  from  this  research.  If  one  likes  to  count,  a  good  case  can  be  made 
for  the  work’s  success  on  the  basis  of  numbers. 

I,  myself,  have  a  different  measure  of  success.  How  did  our  work  extend  the  collective 
knowledge  in  the  field?  What  myths  did  we  debunk?  What  next  questions  are  contained  in  our 
answers?  How  can  our  results  l^e  used? 

In  Sec.  II  of  the  Rcpon  that  follows,  we  address  the  first  three  questions  by  presenting  and 
discussing  important  general  results.  The  last  question  launched  us  into  two  new  areas  of 
research:  nanolaminates  for  transformation-toughening  coatings,  currently  supported  under  US 
ARO  Grant  No.  DAAH04-93-G-0238,  and  self-sealing  insulators  for  corrosion-resistant  coatings 
(AppendixVIII),  which  received  suppon  under  a  University  of  Wisconsin-System  Applied 
Research  Grant . 

Much  of  the  "finished"  areas  in  this  work  involve  oxide  deposition,  with  nitrides  and 
oxynitrides  taking  a  backseat  largely  due  to  time  constraints.  Therefore,  the  results  highlighted  in 
this  Report  concern  oxide  growth  and  characterization.  However,  results  concerning  other  than 
pure  oxide  systems  are  sail  being  evaluated  and  will  eventually  be  written-up  a.s  journal  articles. 

I  thank  Robert  R.  Reeber  [US  AROJ,  George  S.  Baker  (UW-MICEj,  Wai-Yim  Ching  (U. 
Missouri-Kansas  City],  Michel  E.  Marhic  (Northwestern  U],  and  Michael  Aita  [CardioGenesis] 
for  many  fruitful  discussions  regarding  this  research;  Elzbieia  Kolawa  and  Marc-A.Nicolet  for 
generously  carrying  out  Rutherford  backscanering  measurements  and  analysis,  and  for  providing  a 
"home"  for  at  Caltech  during  the  summers  of  1990  and  1991. 

Carolyn  Rubin  Aita 
Milwaukee,  Wisconsin 
September,  1993 
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1.  STATEMENT  OF  PROBLEM  STUDIED 

Reactive  sputter  deposition  is  extensively  used  to  grow  films  in  which  one  or 
more  of  the  consitituent  elements  is  volatile.  The  process  involves 
non-equilibrium  growth  at  a  solid  surface  (substrate)  in  contact  with  a  low  pressure 
glow  discharge.  The  growth  environment  is  complex,  does  not  easily  lend  itself  to 
even  rudimentary  in  situ  discharge  diagnostics,  and  has  not  been  a  topic  of  active 
study.  Historically,  research  was  geared  to  developing  process  parameter-film 
property  relations  with  an  eye  towards  making  a  film  with  desired  behavior. 
However,  even  the  most  detailed  parametric  study  is  phenomenological  and 
machine-specific  unless  it  contains  growth  environment  information. 

Tne  research  we  undertook  here  was  a  step  towards  remedying  this  situation. 
We  studied  the  low  temperature  growth  (140-375  OC)  of  a  series  of  model  metal 
oxide,  nitride,  and  oxynitride  materials  systems.  We  worked  towards  three  general 
goals: 

1)  Relate  deposition  process  parameters  to  important  features  of  the  growth 
environment  for  each  model  system. 

2)  Determine  the  effect  of  these  growth  environment  features  on  film  phase 
formation  for  each  model  system. 

3)  Understand  similarities  and  differences  between  model  systems  and 
develop  general  tenets  that  enable  prediction  of  growth  characteristics  in 
other  materials  systems. 

The  experimental  program  was  three-fold;  film  growth  by  reactive  sputter 
deposition,  in  situ  discharge  diagnostics,  film  charcterization.  A  radio  frequency 
diode  apparatus  was  used  to  grow  films  on  Suprasil  fused  silica,  <ni>-cut  Si,  and 
carbon  foil  substrates.  The  substrates  were  not  externally  heated,  but  did  heat 
above  room  temperature  due  to  contact  with  the  plasma. 
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The  discharge  contained  a  rare  gas+  a  reactive  gas.  The  targets  (cathodes)  were 
vanadiunri,  niobium,  zirconium,  yttrium,  and  gold.  As  a  group,  these  elements 
have  a  broad  range  of  oxidation  and  nitridation  behavior.  Furthermore,  the 
transition  metals  forni  a  sequence  down  column  VB  of  the  periodic  ^able  and  across 
the  second  long  period.  Therefore,  differences  in  oxide/nitride  growth  between 
materials  systems  can  discussed  in  terms  of  sequential  changes  in  cation  bonding 
characteristics. 

The  following  independent  process  parameters  were  varied;  nominal  reactive 
gas  content,  rare  gas  type,  and  cathode  voltage.  Discharge  power,  substrate 
temperature  ,  and  grow'th  rate  depend  upon  combinations  of  these  parameters. 

The  primary  in  situ  discharge  diagnostic  technique  was  optical  emission 
spectrometry,  although  mass  spectrometry  was  used  as  an  adjunct  source  of  plasma 
chemistry  information.  The  five  features  at  the  substrate  of  most  concern  here 
were  the  flux  and  type  of  a)  sputtered  atoms,  b)  sputtered  molecules,  c)  reactive  gas 
species,  the  temperature,  and  the  growth  rate. 

Film  characterization  involved  direct  methods  to  determine  chemistry,  short 
range  order,  long  range  order,  and  morphology.  Adjunct  methods  involving 
behavior  from  which  structural  and  chemical  information  was  extracted  (e.g. 
electrical  resistivity,  ultraviolet-visible  optical  absorption,  corrosion  resistance)  were 
also  used. 

Process  parameter-growth  environment-film  property  data  were  combined  in  a 
"phase  map"  for  each  materials  system  [Appendix  V].^  Because  of  its  graphic 
nature,  the  phase  map  is  a  convenient  scientific  tool  to  use  to  accomplish  goal  (3) 
[i.e.  to  understand  and  generalize  the  data  collected  under  goals  (1)  and  (2)].  In 
addition,  the  phase  map  has  a  technological  benefit:  is  an  easy  way  for  other 
investigators  to  get  information  regarding  phase  formation  that  is  not  specific  to  a 
particular  experimental  set-up. 


n.  SUMMARY  OF  MOST  IMPORTANT  RESULTS 


In  keeping  with  the  suggested  US  ARO  guidelines  for  this  Report,  results  for 
specific  materials  systems  already  appearing  in  the  semiannual  progress  reports  are 
not  repeated  here.  Many  specific  results  are  also  given  in  the  published  work 
contained  in  the  Appendices.  Here,  we  highlight  three  general  important  results 
that  best  represent  the  spirit  of  the  work.  As  mentioned  in  the  Foreword,  our  effort 
went  largely  into  metal-oxygen  systems,  and  consequently,  the  following 
discussion  and  conclusions  concern  conditions  for  metal  oxiae  film  growth  and 
characteristics. 


A.  Role  of  metal'Oxygen  molecular  flux  in  oxide  growth 

A  metal  target  surface  sputtered  in  a  rare  gas  containing  a  small  nominal 
amount  of  getters  oxygen  (all  types)  from  the  discharge.  As  the  nominal  gas  O2 
content  is  increased,  an  oxide  forms  on  the  target  surface,  gettering  reaches  a  steady 
state,  and  excess  oxygen  appears  in  the  discharge  available  for  reaction  at  the 
substrate.  The  sputtered  flux  from  an  oxidized  target  surface  in  general-  consists  of 
metal  atoms,  M,  and  metal  bonded  to  oxygen  in  molecular  form(s),  collectively 
denoted  "M-O".  Earlier  studies  suggested  that  the  fraction  of  total  flux  sputtered  as 
molecules  was  proportional  to  the  M-O  bond  strength. ■^*5  However,  recent  data 
show  that  even  molecules  with  a  positive  free  energy  of  formation,  such  as  AuO 
and  Au02,  are  sputtered  intact.^ 

Therefore  we  felt  that  the  two  importan*  features  of  growth  environment 
chemistry  to  be  monitored  here  as  a  function  of  process  parameter  were: 

a)  the  fractional  flux  of  M  and  M-O  speci'if  to  the  growth  interface,  called  f^ 
and  fM-O  respectively  where  f^^  +  fM-0= 

b)  the  availability  of  oxygen  for  reaction  at  the  substrate.^ 
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The  common  effect  of  these  features  on  phase  formation  in  the  transition 
metal  oxygen-systems  studied  here  is  as  follows  (Appendix  V]:  ^ 

1)  A  large  fM’O  (small  f^^)  and  oxygen  available  for  reaction  at  the  substrate 
resulted  in  high  valence  oxide  growth,  e  g.  amorphous  niobia,  crystalline  niobia, 
crystalline  yttria,  crystalline  biphasic  monoclinic+tetragonal  zirconia,  crystalline 
monophasic  monoclinic  zirconia,  amorphous  vanadia,  and  crystalline  vanadia. 

2)  1)  A  large  f^  (small  fM-O)  and  oxygen  available  for  reaction  at  the  substrate 
resulted  in  high  valence  oxide  growth,  but  with  structural  disorder,  e.g.  crystalline 
site-disordered  yttria,  amorphous  yttria,  crystalline  vanadia  with  contracted 
interlayer  spacing. 

3)  A  large  fM-O  but  insufficient  oxygen  at  the  growth  interface  resulted  in 
suboxide  growth,  eg.  zirconium  monoxide,  "x-niobia",  mixed  vanadium 
suboxides. 

4)  A  large  f^^  and  insufficient  oxygen  at  the  substrate  resulted  in  Odoped  metal 
and  suboxide  growth,  e.g.  O-doped  yttrium,  Odoped  niobium,  niobium  monoxide, 
niobium  dioxide  and  mixed  vanadium  suboxides. 

We  conclude: 

1)  Metal-oxygen  molecular  flux  must  be  taken  into  account  when  modelling 
oxide  growth  by  reactive  sputter  deposition. 

2)  Without  exception,  growth  of  well-ordered  highest  valence  oxide  films 
with  bulk  structure  depends  upon  a  reaction  between  sputtered  metal-oxygen 
molecules  and  oxygen  at  the  substrate. 

3)  A  reaction  at  the  substrate  between  sputtered  metal  atoms  and  oxygen 
leads  to  a  disordered  structure  even  though  oxidation  is  complete  (e.g.  a  disordered 
Highest  valence  oxide  is  grown). 

The  first  conclusion  is  an  extremely  important  contribution  to  the  "debunking 
myths"  criterion  for  measuring  research  success  (see  Foreword).  Without  scientific 


basis,  the  reactive  sputter  deposition  community  currently  ignores  the  existence  of  a 
sputtered  metal-oxvgen  molecular  flux,  which  is  actually  often  the  majority  flux, 
and  models  oxide  growth  on  the  basis  of  a  reaction  between  a  sputtered  metal 
atomic  flux  and  oxygen  at  the  substrate.  Our  results  have  shown  that  this  approach 
is  entirely  wrong. 

Although  metal  targets  were  used  in  this  study,  the  above  conclusions  are 
relevant  for  a  ceramic  oxide  target  as  well.  Consider  the  case  of  sputter  deposition 
of  zinc  oxide  from  a  ZnO  target.  8,9  old  results  showed  target  dissociation  produced 
a  mixed  Zn+ZnO  flux  to  the  substrate.  Highly  aligned  single  basal  orientation 
growth  was  obtained  when  the  fractional  ZnO  flux  was  maximized;  and  disrupted 
when  the  fractional  Zn  flux  was  increased.  This  result  was  found  even  when  a 
pure  O2  discharge  was  used  to  provide  plenty  of  oxygen  available  for  reaction  at  the 
substrate.  The  zinc  oxide  growth  situation  is  actually  analogous  to  crystalline 
site-disordered  yttria  growth  in  the  present  study  [Appjendix  II.B).  ^0'^^ 

We  decided  to  test  the  importance  of  molecular  flux  in  promoting 
crystallographic  order  with  respect  to  deposition  from  a  binary  oxide  target  and 
chose  barium  titanate  (BaTi03)  as  the  model.  The  result  showed  that  a  highly 
oriented  <1 10+001  >  texture  were  indeed  associated  with  a  large  molecular  fractional 
flux.  Crystallographic  order  deteriorated  with  increasing  atomic  Ti  and  Ba  flux, 
even  through  there  was  sufficient  oxygen  available  for  reaction  at  the  substrate 
(Appendix  VIIJ.  12,13 

B.  Structural  differences  in  highest  valence  oxides 
1.  Conditions  for  amorphous  oxide  growth 

For  several  of  the  model  systems,  we  found  that  large  phase  fields  of 
amorphously  structures  were  formed  under  conditions  also  associated  with  the 
best-ordered  crystalline  growth  (a  large  f^'^and  oxygen  available  for  reaction  at 
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the  substrate).  These  systems  are  ones  in  which  there  is  "structural  complexity"  in 
the  corresponding  bulk  oxides.  By  structural  complexity,  we  mean  either:  ^5  i)  the 
cation  forms  mixed  valence  compounds  so  that  a  vernier  or  infinitely  adaptive 
physical  structure  accomodates  electronic  changes  associated  with  changing 
stoichiometry;  2)  structural  flexibility  in  metal-oxygen  bonding  giving  rise  to 
polymorphs  with  the  same  chemistry  and  very  similar  free  energies  of  formation. 

Bulk  niobium  oxides  have  both  typ^^s  of  structural  complexity  and  bulk 
vanadium  oxides  have  the  first  type.  Therefore,  it  is  not  surprising  that  large  phase 
fields  of  amorphous  niobia  and  vanadia  form  under  the  growth  conditions  of  unity 
fM-O  arid  available  oxygen. 

The  bulk  zirconium-oxygen  and  yttrium-oxygen  systems  do  not  have 
structural  complexity.  However,  recently^^  sputter  deposition  was  used  to  grow  a 
continuous  series  of  crystalline  yttrium  suboxide  films  based  on  an  orthorhombic 
structure  with  adjustable  lattice  parameters  depending  upon  the  amount  of  O 
sublattice  vacancies.  In  our  study,  no  amorphous  phases  were  formed  in  the 
zirconium-oxygen  and  yttrium-oxygen  systems  under  growth  conditions  of  a  large 
fM-O  +  available  oxygen.  However,  amorphous  yttria  was  produced  under  unusual 
conditions  for  highest  valence  oxide  growth:  a  large  flux  of  Y  atoms  to  the 
substrate-i-available  oxygen.  Keeping  in  mind  the  adjustable  orthorhombic 
structure  mentioned  above,  it  is  possible  that  nuclei  of  these  suboxides  initally  form 
during  growth  of  amorphous  yttria  and  are  subsequently  oxidized  to  produce 
stoichiometric  yttria  but  without  the  large  atomic  motion  required  for  long  range 
order  (crystallization)  able  to  occur. 

2.  Amorphous  versus  crystalline  growth  of  the  same  metal  oxide:  the  role  of 
substrate  temperature  and  growth  rate. 

In  the  case  of  niobia  and  vanadia,  both  amorphous  and  crystalline 
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stoichiometric  oxides  were  formed  under  the  conditions  of  a  large  fM-O  and  oxygen 
available  for  reaction  at  the  substrate.  The  crystalline  form  replaced  the  amorphous 
one  as  the  gas  O2  content  and  the  cathode  voltage  were  increased. 

These  results  can  be  understood  by  considering  the  effect  of  both  substrate 
temperature  and  growth  rate  (e.g.  Fig.  4  of  Appendix  V].  A  lower  arrival  (hence, 
growth)  rate  and  a  higher  temperature  promote  .rystallinity  via  increased  surface 
diffusion  before  the  next  monolayer  of  flux  arrives  to  quench  adatom  motion,  a 
trend  expected  from  growth  by  evaporation  studies. 

C  Using  fundamental  optical  edge  features  to  probe 
short-range  structural  disorder  in  vanadia,  zirconia,  and  yttria 

All  of  the  metals  in  this  study  [including  gold  ^Appendix  VI)]  bond  to  oxygen 
via  metal  (n-l)d  and  ns  electron  interactions  with  O  2p  electrons.  Vanadia,  niobia, 
yttria,  and  zirconia  are  wide  band  gap  semiconductors.  The  lower  part  of  the 
conduction  band  in  these  oxides  consists  of  two  split-off  subbands  formed  from 
empty  (n-l)d  electron  states.  These  subbands  fill  in  the  visible-ultraviolet  spectral 
region,  thereby  lending  themselves  nicely  to  conventional  UV-vis 
spectrophotometry  analysis. 

The  question  is:  what  Kind  of  information  can  be  obtained?  Disruptions  in 
short-range  order  (nearest  and  next-nearest  neighbor  involvement)  cause  changes 
in  the  crystal  field  around  the  metal  (cation).  As  is  characteristic  for  d  electrons,  the 
charge  density  redistribution  coincidental  with  short-range  order  disturbances 
remains  fairly  locallized  at  the  site  of  the  cation.  Here,  we  used  near  UV-visible 
spectrophotometry  as  a  sensitive  probe  of  short-range  disorder,  even  in  crystalline 
films  for  which  x-ray  diffraction  data  showed  long-range  oroer  indistinguishable 
from  bulk  material,  i.e.  no  gross  defects  in  the  crystal  "skeleton"  (lattice)  were 
detected. 


The  major  procedural  problem  involved  determining  what  the  fundamental 
optical  absorption  edge  of  a  well-ordered  specimen  of  these  oxides  should  look  like 
In  all  cases,  there  were  no  standard  transmission  spectra  or  even  definitive 
theoretical  band  structure  calculations  from  which  we  could  deduce  optical  features. 
We  relied  heavily  on  existing  (and  often  conflicting)  theory,  on  published  bulk 
ceramic  reflectivity  spectra,  and  on  spectra  from  films  grown  as  a  part  of  this  study 
that  were  believed  to  represent  well-ordered  crystals.  Three  main  results  obtained 
from  spectrophometry  of  several  oxides  are  given  next. 

1.  Zirconia:  Monoclinic  zirconia  (m-Zr02l  is  the  only  bulk  zirconium  oxide  at 
STP.  However,  a  high  temperature  tetragonal  polymorph  [t-Zr02l  formed  in 
addition  to  rn-Zr02  under  some  conditions  in  sputter  deposited  films.^8  jhe 
absorption  edge  of  films  of  m-Zr02  and  biphasic  m+t-Zr02  was  studied  and  related 
to  band  structure  calculations  for  each  polymorph  [Appendix  I.A&Bl.  n/.9,20  The 
fact  that  single-llll)  orientation  |n-Zr02  could  be  produced  allowed  easy 
spectrophotometric  analysis  of  this  material  without  internal  scattering  from 
(111-111)  twin  boundaries  prevalent  in  bulk  material.  An  initial  indirect  transition 
across  the  energy  band  gap  of  m-Zr02  4.70  eV  and  two  direct  transitions  at  5.17 
and  5.93  eV  were  identified  and  associated  with  two  split-off  Zr  4d  subbands. 

2.  Yttria:  Yttria  with  a  bcc  bixbyite  structure  is  the  only  bulk  yttrium  oxide  at 
STP.  The  80-atom  unit  cell  has  a  distorted  fluorite  structure  with  vacancies  on  1/4 
of  the  anionic  sites.  Y  occupies  two  structurally  nonequivalent  but  chemically 
equivalent  sites  within  the  unit  cell;  Y  second-nearest  neighbors  are  different  at 
each  type  of  site.  The  fundamental  optical  absorption  edge  was  found  to  consist  of 
two  direct  interband  transitions,  at  5.07  and  5.73  eV  [Appendices  II.B  &V).  140,11 
This  edge  structure  resulted  from  two  split-off  Y  4d  subbands  at  the  bottom  of  the 
yttria  conduction  b?’'d  and  was  "sharp”  in  well-ordered  yttria  [see  Appendix  V,  Fig. 
9).  However,  there  were  also  crystalline  yttria  films  in  which  the  distinction 
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between  subbands  was  obscured,  denoted  "smeared  edge  "(see  Appendix  V,  Fig.  10), 
similar  to  that  found  in  amorphous  yttria  [Appendix  II  A,B,  &C1.^0'21,22 
proposed  reason  for  edge  smearing  was  Y  atom  site-disorder  (affecting  the  Y 
next-nearest  neighbor  environment  as  described  above)  which  created  additional 
electronic  states  within  the  energy  gap  between  the  subbands. 

3.  Vanadia:  We  refined  the  optical  absorption  edge  picture  to  include  a 
structure  at  energy  higher  than  the  band  gap,  identifyable  with  two  split-off  3d 
subbands  [Appendix  III.C).  23,24  vVe  showed  that  the  subband  was  dependent  upon 
V  nearest  neighbor  environment  only,  in  particular  that  V  be  in  distorted 
octahedral  coordination  with  six  O,  as  in  the  bulk  material,  but  was  independent  of 
long  range  order. 

These  examples  demonstrate  the  influence  of  d  electron  behavnor  (i.e.  local 
chemistry  around  a  cation;  i.e.,  short-range  structural  order)  on  fundamental  optical 
absorption  edge  characteristics.  It  is  important  to  understand  the  connection,  since 
interest  in  these  oxides  as  optical  materials  lies  in  their  near  ultraviolet-visible 
spectral  behavior,  which  we  know  how  to  control. 
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A.  "Near  band  gap  optical  behavior  of  sputter  deposited  a-  and  a+P-Zr02 
films."  C.-K.  Kwok  and  C.R.  Aita,  J.  Appl.  Phys.  ^  2756-2758  (1989). 


B.  "The  indirect  band  gap  in  a-Zr02."  C.-K.  Kwok  and  C.R.  Aita,  J.  Vac.  Sd. 
Technol.  A  8,  3345-3346  (1990). 


Near*band  gap  optical  behavior  of  sputter  deposited  a-  and  a+3-Zr02  films 

•  Chee-Kin  Kwok  and  Carolyn  Ruhm  Aita 

Materials  Department  and  the  Laboratory  for  Surface  Studies.  University  of  Wisconsin-Miluvukee, 

P.  O.  Box  784.  .Milwaukee.  Wivonsin  5J201 

(Received  27  February  1989;  accepted  for  publication  24  May  1989) 

The  functional  dependence  of  the  optical  abiiorption  coefficient  on  photon  energy  in  the  4.9- 
6.5  eV  range  was  determined  for  a-  and  a  +  ^-ZrO,  films  grown  by  reactive  sputter  deposition 
on  fused  silica.  Two  allowed  direct  interband  transitions  in  a-ZrO;  were  identified,  with 
energies  equal  lo  5.20  and  5.79  eV.  Modification  of  these  transitions  in  a  -t-  ^-ZrO,  is  reported. 


Monoclinic  o-ZrO,  is  the  only  stable  form  for  an  infi-  crystallite  surface  area-to-volume  ratio  exceeds  a  critical  val- 

nite-size  ZrO,  crystal  at  standard  temperature  and  pressure.  ue.^ 

However,  it  is  well  known’  '  that  when  the  crystallite  size  is  We  previously  reported'’  that  phase  transition  from  a- 

small.  rt-ZrO.  and  one  of  its  high-temperature  polymorphs,  Zr  — n-ZrO.  in  the  sputter-deposited  Zr-O  system  involves 
tetragonal  0-ZrO.,  coexist.  P-ZtO.  in  the  composite  is  not  a  the  formation  of  a  -♦-  P-ZrO.  structures.  The  shape  of  the 

metastable  phase  nor  the  result  of siabilizaiion  by  impurities.  fundamental  optical  absorption  edge  was  found  to  be  differ- 
[t  is  a  consequence  of  the  dominance  of  the  surface  energy  en-  for  films  that  contain  a  P-ZrO.  component  compared  to 
contribution  to  the  Gibbs  free  energy  of  formation  when  the  fil.os  that  are  single-phase  a-ZrO-.  The  functional  depen- 
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dence  of  the  absorption  coefficient  a  on  the  incident  photon 
energy  /iv  is  reported  here.  Two  optical  transitions  across  the 
band  gap  of  a-ZrO.  are  identified.  Modification  of  ihcse 
transitions  in  a  +  P-ZtO.  films  is  reported. 

Films  were  grown  on  Supers:!  II  fused  silica  in  a  hot -oil 
pumped  rf  diode  sputter  deposition  system  using  a  I3-cm- 
diam,  W.S'Tc  pure  Zr  target  and  discharges  containing  2% 
O.  ;n  a  rare  gas,  Ne  (film  A),  Ar  (film  B).  or  Kr  (film  C) 
The  discharge  wxs  operated  at  a  cathcxle  voltage  of  -  1.3  kV 
(p-p)  and  a  total  pressure  of  1  x  10  ’  Torr.  Further  details 
of  the  deposition  process  are  given  in  Ref  6,  as  well  as  a 
discussion  of  the  changes  in  growth  cnvuonnient  and  target 
oxidation  state  that  accompany  a  change  in  rare  gas  type. 

Film  thickness  was  measured  post-deposition  from  a 
masked  step  using  a  profilometer  Growth  rate  was  calculat¬ 
ed  from  this  measurement.  Crysta’.iography  was  determined 
by  double-angle  x-ray  diffraction  (  XRD)  using  unresolved 
1  54J8-A  CuA'a  radiation.  Calibration  was  done  using  the 
{1011}  peak  of  an  o-xjuartz  standard  at  20  =  2  66  r  0  02*. 
with  a  full  width  at  half  maximum  (FWHM)  intensity  of 
0,18" 

A  Perkin-Elmer  Mixlcl  33()  L'V-Visible-NIR  double¬ 
beam  spectrophotometer  with  a  specular  reflectum  attach¬ 
ment  was  used  to  measure  the  transmittance  T and  icflec- 
tance  R  of  0  10-0,25  /tm  (6  5-4  0  eV)  near-normal 
incidence  radiation  at  riKsm  temperature  in  laNtratory  air. 
For  a  film  of  thickness  x,  a  is  related  to  Tand  R.' 

r  -  ( ( I  -  R)'  exp(  -  (i.t  I  [/( I  -  R  -  exp(  -  2ax) )  ( I ) 

Film  thickness  and  growth  rale  are  recorded  in  Table  I. 
The  major  XRD  peaks  are  shown  in  Fig  I.  No  adjustment  in 
intensity  was  made  for  thickness  difference  between  sam¬ 
ples,  The  .MRD  pattern  of  Film  A  consists  of  a  single  peak  at 
2f^  =  28  r  attributed  to  { 1  iT}  o-ZrO,  planes.'  The  pattern 
of  Film  B  consists  of  a  peak  at  26t  =  28  2*  attributed  to  {  1 1 T } 
a-ZK).  planes,  and  a  broad  asymmetric  peak  attributed  to 
{ill}  P-ZxO.  planes  at  20  =  30.3"  and  {ill}  a-ZK).  planes 
at  2^^  -  316’  The  pattern  of  Film  C  hasa  third  peak,  attrib¬ 
uted  to  five  sets  of  closely  spaced  a-  and  P-ZrO.  planes 
w  hose  indices  are  given  in  Fig.  I  The  ‘loping  haselineon  all 
patterns  w  as  caused  by  diffraction  fiom  the  microcrystallites 
of  the  fused  silica  substrate. 

High-resoluiion  patterns  were  taken  of  the  {111}  a- 
ZK).  peak  of  all  films  and  the  FWHM  was  used  to  calculate 
the  minimum  dimension  d  of  a  { 1 1 T  }-oriented  a-ZK).  crys¬ 
tallite  in  a  direction  perpendicular  to  the  substrate,  after  sep¬ 
arating  out  the  instrument  contribution  to  peak  broaden¬ 
ing  ’  Values  of  d  are  recorded  in  Table  I  Calculations*  based 


Table  t  Film  thickness  I  s ).  growth  rile  ( r).  minimum  crysullilediifnc- 
ler  (rfl.  ind  the  energy  of  iwo  opricat  trinsiiions  (E,  and  E.)  in  a-  and 
a  *.  P-ZK);  Rims  sputter  deposited  on  fused  silica 


Film 

Gas 

X 

;kA)‘ 

r 

( A/min  )* 

d 

lA) 

E, 

(eV) 

C. 

(eV) 

A 

Ne-2%0. 

1  0  t  02 

15  6  V  } 

126 

5  20 

5  79 

B 

Ar-2%C, 

24  t  04 

37  t  6 

88 

5  14 

C 

Kr  2'TO, 

J  J  t  0  3 

51  t  5 

70 

5  12 

•  t 


Etti  I  .\.r.iv  diffra. ii-iri  pjiicriis  for  .i./rO  ( film  A  I  ...  id  ir  *  //-/iX), 
{ hinis  B  .ind  C' )  \puticf  Jcp»)MU’d  t'n  mIicj 


on  a  balance  between  the  surface  and  volume  contributions 
to  the  Gibbs  free  energy  of  formation  of  the  a  and  P  phases 
predict  a  crystallite  diameter  of  .306  A  at  which  the  two 
phases  coexist.  The  value  obtained  from  our  experimental 
data  IS  -  0.3  of  the  predicted  value. 

Figure  2  shows  <i  as  a  function  of  hv  For  all  films,  the 


E'r.i  2  The  absorption  civfficicnl  as  a  function  of  incident  photon  energy 
for  rr-ZrO.  and  rr  *■  d-ifrO.  films  spi'iier  deposited  on  fused  silica  The  sii|. 
id  curves  represent  E»(s  (  2  )  and  ( '  I  applied  to  film  A 
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1 


(•) 


(bl 


HG  ^  The  st^uarc  of  ihc  jKv>rp(ion  a 

fur'  lion  of  mtideni  photon  energ>  for  ( a »  filiti  A 
shoeing  two  Imear  regiooN.  i  hj  film  B.  and  i  v  >  film 
C  The  hrsi  linear  regum  f('r  him  A  i*.  repriviuccd  in 
ihe  jppri'pnatc  wale  for  compaiiMin  in  (h)  and 
(c) 


dependence  of  a  on  fiv  is  logarithmic  at  the  onset  of  absorp¬ 
tion.  The  inverse  slope  of  the  exponential  increase  of  a  with 
Av  is  on  the  order  of  kT  '  for  many  crystalline  semiconduc¬ 
tors  and  insulators.’  Here,  d(ln  a)/d{hv)  is  equal  to  (2.5 
kT)  '  for  film  A,  (4.6  kT)  '  for  film  B.  and  (3.6  kT)  'for 
film  C. 

For  film  A,  the  dependence  of  a  on  hv  takes  the  form 

a'  =  C|(/rv  -  £, )  (2) 

between  hv  =  5.28-5.64  eV.  and 

a'  =  C,(hv-E.)  (3) 

between  hv  =  5.‘X>-6.37  eV.  For  films  B  and  C,  the  depen¬ 
dence  of  a  on  hv  initially  follows  Eq.  ( 2 ) .  However,  a  satu¬ 
rates  with  increasing  hv.  The  higher  energy  optical  transi¬ 
tion  that  occurs  in  Film  A  given  by  Eq.  (3)  does  not  occur  in 
films  B  and  C.  Figure  3  shows  a'  as  a  function  of  hv.  E,  and 
£;  were  obtained  from  the  value  of  hvn  which  a  =  0  and  are 
recorded  in  Table  I. 

From  the  functional  dependence  of  a  on  hv  for  film  A, 
we  identify  here,  for  the  first  time,  two  allowed  direct  inter- 
bard  transitions’  that  occur  in  a-ZrO..  The  energies  of  the 
transitions,  £,  and  E-,  are  5.20  and  5.79  eV,  lespectively. 
Band  calculations  for  «-ZrO,  have  yet  to  be  carried  out. 
Therefore,  we  cannot  yet  associate  these  optical  transitions 
with  specific  electronic  transitions.  The  coexistence  of  a- 
and  0-ZrO,  phases  results  in  the  following  modifications; 


( 1 )  elimination  of  the  high-energy  transition;  ( 2 )  a  shift  of 
£,  to  lower  energy  (  5  20eV  for  film  A  to  5  14  eV  for  film  B  to 
5.12  eV  for  film  C);  and  (3)  ultimately,  a  decrease  in  the 
value  of  n  over  the  entire  absorption  edge.  The  reasons  for 
these  modifications  in  terms  of  changes  in  short-range  Zr-O 
Older  will  be  the  subject  of  future  research 
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( Received  1 3  December  1989;  accepted  1 7  February  1 990 ) 

Measurements  of  the  absorption  coefficient  on  the  fundamental  optical  absorption  edge  of 
a-ZrO,  show  that  an  indirect  interband  transition  at  4.70  eV  precedes  two  previously  reported 
direct  transitions.  This  result  is  in  agreement  with  recent  theoretical  calculations  of  the  a-ZrOj 
band  structure 


For  three  decades,  there  have  been  reports  of  the  position  of 
the  fundamental  optical  absorption  edge  of  polycrystalline 
bulk  and  thin  film  a-ZrO;  .'  “  With  one  exception,’  all  in¬ 
vestigators  agree  that  the  edge  is  near  5  eV.  However,  only 
recently  have  features  on  the  edge  been  investigated  and  two 
direct  interband  transitions  identified. "  Here,  we  extend 
our  previous  work"’  to  identify  an  indirect  interband  transi¬ 
tion  at  lower  energy. 

The  material  studied  here  is  in  the  form  of  a  thin  film 
grown  on  fused  silica  by  sputter  deposition  from  a  12.7-cm 
diam  Zr  target  using  a  rf  excited  Ar-20%  O-  discharge  oper¬ 
ated  at  -  1  9  kV  cathode  voltage.  The  deposition  was  ear¬ 
ned  out  1  the  manner  previously  desenbed  in  a  process  pa¬ 
rameter-growth  environiiie.-t  film  property  study  of  the 
Zr-O  system.'"  The  crystal  structure  was  determined  from  x- 
ray  dilTrjttion  to  be  monoclinic  a-ZrO.  with  { 1 11}  planes 
onented  parallel  to  the  substrate.  The  minimum  crystallite 
dimension  iii  a  direction  perpendicular  to  the  substrate,  de¬ 


ENERCY  (eV) 

Fi<i  I  The  ahv>rpnon  a  js  a  funvtton  i>f  mcKient  photon  energy 

A'  for  \punrr  depoMteii  a  /.rK)  Thedju  encUned  within  ihehi>*  art  of  the 
functional  form  n  C  ( ^  ^  ^  jn  shown  m  Fig  2.  indicative  of  an 

tndircs.1  interhand  transition  at  energy  A* 


termined  from  the  {ill}  diffraction  peak  half-width  using 
the  Scherre  ^uation,'*  is  16  nm.  This  value  is  larger  than 
the  critical  value.  13  nm,  at  which  we  observe  growth  of 
sdlely  the  monoclinic  a  phase  in  sputter  deposited  ZrO^ 
films. 

Double-beam  spectrophotometry  was  used  lO  measure  the 
transmittance  T and  reflectance  A  of  near-normal  incidence 
radiation  in  the  0.19-0  80  ^m  spectral  region  ;6.53-1.55 
eV).  An  aluminum  mirror  was  used  as  the  reflectance  stan¬ 
dard.  The  absorption  coefficient  a  was  calculated  from  the 
relationship:” 

r=  1(1  -  A)'  exp(  -  ax)l[(l  -  A  ’)cxp(  -  2aLx)l, 

(1) 

where  x  is  the  film  thickness.  1.2  kA. 

Figure  1  shows  a  versus  incident  photon  energy  £.  The 
data  enclosed  within  the  box  in  Fig.  1  have  the  functional 
form  a''^  =  C, (£  —  A, ).  as  shown  in  Fig.  2.  The  straight 
line  shown  in  Fig.  2  is  the  best  fit  through  the  data  points. 
The  functionality  of  a  versus  £  is  indicative  of  an  indirect 


Flo  2  j  vs  a;  for  4  Wv  t  5  Ob  The  siraight  line  ia  »he  lit  through 
the  datu  and  when  extrapolated  to  nr  -  0  yields  £  «  4  ?0  eV.  the  indirect 
hand  gap  of  a  /rO. 
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inierband  transition  that  occurs  at  energy  E,  =  4.70  eV.  de¬ 
termined  by  extrapolation  of  the  straight  line  through  the 
data  to  a  —  0.  C,  =  355  (cm'  ’  eV) ' 

The  behavior  of  nr  versus  E  for  £  <  —  5,3  eV  observed  here 
IS  the  same  as  previously  reported"’  for  a-ZrO.  sputter  de¬ 
posited  in  Ne-2'’fc  O,  at  —  1.3  kV  cathode  voltage  and  will 
not  be  discussed  in  detail.  In  bnef.  the  dependence  of  or  on  £ 
takes  the  form  of  o’  =  C,  (£  —  £, )  for  £>  -5.3  eV  and 
Q-  =  CAE  -  £; )  for  £  >  —  6.0  eV,  £,  and  £.  are  the  ener¬ 
gies  of  two  direct  interband  transitions,  determined  by  extra¬ 
polation  of  a  graph  a'  versus  £  to  o  =  0  in  each  region.  £, 
and  £.  are  equal  to  5.20  and  5.95  eV,  respectively,  in  reason¬ 
able  agreement  with  the  previously  reported  results,  5.20 
and  5.79eV.  C,  and  C,  are  equal  to  1.5x  10"‘and  3.3x  10" 
( cm’  eV )  ',  respectively. 

A  recent  theoretical  determination  of  the  band  stiucture 
ofo-ZrO,  by  Zandiehnadem  era/."  predicts  an  indirect  gap 
at  4.51  eV,  close  to  our  experimental  result  of  4.70  eV.  In 
terms  of  the  Brillouin  zone  symmetry  lines  for  the  mono- 
clinic  lattice,  the  transition  across  the  indirect  gap  is  from  a 
point  along  F  at  the  top  of  the  valence  band  to  a  point  along 
the  BD  axis  at  the  bottom  of  the  conduction  band.  Further¬ 
more.  the  joint  density  of  states  is  double  peaked  near  the 
absorption  edge,  consistent  with  the  two  direct  near-edge 
transitions  observed  here. 
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In  this  study,  a  Y  target  was  sputtered  in  radio  frequency  (rf)-excited,  rare  ga.s  discharges  (Ne. 
Ar)containingO'?e-40'?cO,,operatedatcathodevoltagefrom  —  1  Oto  —  1. 7  kV./nsiru  optical 
emission  spectrometry  was  used  to  monitor  two  neutral  excited  Y  atom  transitions  (/I  =  0.6I9I. 
0.6793 /im)  and  an  excited  O  atom  transition  (A  =  0.7774/im)  as  a  function  of  changing  process 
parameter  Films  were  grown  on  fused  SiO,  substrates,  and  their  crystallography,  optical 
behav  lor,  and  electrical  resistivity  w  as  determined.  A  “phase  diagram"  for  Y -O  not  grown  under 
conditions  of  equilibrium  thermodynamics  was  constructed,  and  included  hexagonal  Y,  cubic 
Y.O,.  and  Y  and  Y.O,  that  had  no  long  range  crystallographic  order.  Two  direct  optical 
transitions  across  the  energy  band  gap  of  cubic  Y.O,.  at  5.07  and  5.73  eV,  were  identified. 
Combining  discharge  diagnostics,  growth  rate,  and  film  property  results,  it  was  concluded  that 
Y.O,  was  formed  at  the  substrate  concurrent  with  the  complete  oxidation  of  the  target  surface. 
Even  after  target  oxidation,  the  discharge  contained  atomic  Y.  On  the  basis  of  fundamental 
optical  absorption  edge  charactenstics,  cubic  Y ,  O,  that  more  closely  resembled  the  bulk  material 
was  obtained  when  the  Y-oxide  molecule/Y  atom  flux  to  the  substrate  was  high. 


I.  INTRODUCTION 

The  purpose  of  this  study  is  to  investigate  privess  parameter- 
growth  environment-hlm  property  relationships  for  the  re¬ 
active  sputter  deposited  Y-O  materials  system  Films  were 
prepared  by  Nputiering  a  Y  target  using  O, -bearing  dis¬ 
charges  The  transition  from  Y  to  Y.O,  growth  was  studied 
as  a  function  of  three  process  paiameters  (  I )  the  cathode 
voltage.  (  2  )  theO,  content  oft  he  sputtering  gas,  and  (3'<  the 
type  of  rare  gas  used  in  conjunction  with  ().  These  param¬ 
eters  can  he  independently  varied,  and  combined,  they  deter¬ 
mine  other  important  parameters  such  as  discharge  power 
and  growth  rate 

The  experimental  program  included  optical  emission 
spectrometry  for  in  situ  discharge  diagnostics  Two  optical 
transitions  of  the  neutral  Y  atom  from  a  low-lying  excited 
state  to  the  ground  state  were  used  to  monitor  the  Y  atomic 
population  in  the  discharge  as  a  function  of  changing  privess 
parameter  In  addition,  an  optical  transition  of  the  neutral  O 
atom  was  used  to  mom. or  target  surface  oxidation.  The  film 
properties  lhat  were  investigated  .ire  crystallography,  visi¬ 
ble  near-ultraviolet  optical  behavior,  and  electrical  rcsistiv- 
ity 

Thin  film  yltna  is  of  mlerest  as  a  capacitor  material  and 
although  there  have  been  only  a  lew  rep<  irtsof  its  fabrication, 
these  reports  cover  ,i  wide  variety  of  techniques  including 
post  lie p<e,iiion  oxiil.iiion  of  Y  filnis,'  physical  vapor  and 
inductiv.-ly  coupled  plasma  deposilion  using  .i  VO  powder 
source,  ''  and  rf-  and  lon-be.im  spullcr  deposition  from  a 
Y.O,  target  ’  Re.iclive  sputter  deposition  using  a  metal 
target  and  an  O.  hearing  discharge  is  an  important  method 
for  near  room  temperature  metal  oxide  film  growth  We 
hope  that  the  results  presented  below  will  enable  other  inves¬ 


tigators  to  reproducibly  grow  yttna  films  with  desired  prop¬ 
erties  by  this  method 

11.  EXPERIMENTAL  PROCEDURE 

Films  were  grown  in  a  radio  frequency  ( rf )  diode  sputter 
depcvsition  apparatus.  A  1 3  cm  diameter  99.8%  Y  target  was 
thermally  bonded  to  a  water-cooled  Cu  cathode.  Supersil 
fused  silica  substrates  were  placed  on  a  water-cooled  Y-coat- 
ed  Cu  pallet  covenng  the  anode.  The  anode-cat hixle  spactng 
was  7  cm. 

The  chamber  wa.s  evacuated  to  <  5  x;  10  ’  Torr  with  a 
liquid  N;  -trapped,  hot  Si-hase  oil  diffusion  pump  and  back¬ 
filled  with  the  sputtering  gas  to  a  total  prevsure  of  I  x  10  ’ 
Tort.  The  sputtering  gas  consisted  of  a  rare  gas,  Ne 
(99.996%  )  or  Ar  (99.999%  ),  contatning  from  0%  to  40% 
().  (99  99%).  Each  component  was  separately  admitted 
into  the  chamber  using  an  MKS  Instruments  Baratron  Se¬ 
nes  260  pressure/flow  control  system. 

Two  presputters  preceded  each  deposition.  The  first  pre¬ 
sputter  was  carried  out  in  pure  rare  gas  for  ,30  min,  and  its 
purpose  was  to  remove  the  oxide  layer  lhat  had  formed  on 
the  target  surface  upon  exposure  to  air.  The  second  presput- 
ler  was  carried  out  in  the  rare  gas-<)  ,  mixture  used  to  depo¬ 
sit  the  film  and  its  purpose  was  to  allow  time  for  discharge 
and  target  surface  reactions  to  reach  dynamic  equilibrium. 
The  movable  shuttei  that  covered  the  substrates  was  then 
removed  and  the  films  were  deposited  according  to  the  con¬ 
ditions  listed  in  Table  I  Values  of  cathode  voltage  from 
I  Oto  17  kV  peak-lo-peak  were  used  The  amxfc  was 
kept  at  ground  potential 

A  model  HR32()  Instruments  SA  optical  spectrometer 
with  I2(lt)and  24()(l  groove/mm  holographic  gratings  capa- 


i 
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T \BLE  1  Deposilion  parameten,  film  thickness,  growth  rate,  and  resistivity  of  Y  and  Y.,0  films  sputter  deposited  on  fused  SiO. 


Film 

Rare 

gas 

%o, 

K 

(  -kV) 

Power 

(W) 

X 

i  Itf  nm) 

G 

(nm/min) 

P" 

(//H  cm) 

1 

Ar 

0 

1  7 

310 

25  7  i  07 

32  0  +  09 

254  -  19 

2 

Ar 

2 

1  7 

340 

24  2  -  06 

28.4  *  0  7 

2411  +  74 

3 

Ar 

4 

1  7 

670 

44  -r  06 

5  3.07 

nc 

4 

Ar 

0 

1  5 

6  5  t  0  3 

28  4  +  1  2 

196  +  13 

5 

Af 

2 

1  5 

350 

120-04 

286  *  09 

364  +  44 

6 

Ar 

4 

15 

tiOO 

3  3  t  0  2 

5  0  +  03 

nc 

7 

Ar 

20 

1  5 

620 

I  7  t  0  1 

4  5*03 

nc 

8 

Ar 

0 

1  3 

170 

5  5-01 

211+05 

200  +8 

9 

Ar 

2 

1  3 

390 

22  t 

42*04 

nc 

10 

Ar 

20 

1  3 

400 

19  +  02 

3  2*03 

nc 

11 

Ar 

40 

1  3 

400 

24-02 

2  8-03 

nc 

12 

Ne 

0 

1  7 

360 

12  2  -  07 

10  1  *  06 

248  -  22 

13 

Ne 

2 

1  7 

4M) 

14-02 

20*03 

nc 

t4 

Ne 

4 

1  7 

460 

16-01 

18+01 

nc 

ij 

Ne 

20 

1  7 

6M) 

17-01 

2  2+01 

nc 

16 

Ne 

0 

1  5 

190 

5  9  +  04 

7  4-05 

193  -  19 

|7 

Ne 

2 

1  5 

405 

12*01 

20-01 

nc 

18 

Ne 

4 

1  5 

405 

2  1  -  04 

2  3  +  05 

nc 

19 

Ne 

20 

1  5 

450 

1  2  t  0  > 

20-02 

nc 

20 

Ne 

40 

1  5 

580 

18*01 

2  2^02 

nc 

21 

Ne 

0 

1  3 

180 

19*02 

9  3-01 

503  +  40 

22 

Ne 

2 

1  3 

270 

10-03 

17*05 

nc 

23 

Ne 

20 

1  3 

310 

11+01 

18  *  0  2 

nc 

24 

Ne 

40 

1  3 

430 

15*02 

2  4*03 

nc 

2i 

Ne 

20 

1  0 

170 

14+02 

12  -  0  2 

nc 

2A 

Ne 

40 

1  0 

190 

14*02 

1.2  *02 

nc 

for  bulky  V/iIUm 


hie  ofO  05  ntn  resolution  was  used  form  srfu  optical  emission 
diagnostics  of  the  discharge  Radiation  emitted  from  the  re¬ 
gion  between  the  anode  and  cathtxJe  was  sampled  as  a  func¬ 
tion  of  wavelength  through  an  optical  window  with  a  trans¬ 
mission  cutoff  of  0  32  /am  The  window  was  shuttered  when 
not  in  use.  and  was  also  pernxlically  removed  from  the 
chamber  and  its  transmission  charactenstics  were  checked 
by  spectrophotometry  to  monitor  and  correct  for  intensity 
changes  caused  by  coating  with  sputtered  fluk  in  the  course 
of  the  experiment. 

The  emission  intensity  /( Y*)  from  two  optical  transitions 
of  the  neutral  Y  atom,  at  =  0.6191  and  0.6793  /rm,'*  was 
monitored.  The  lower  level  of  the  transitions  is  the  Y  atom 
ground  state  Y”.  The  glow  discharges  studied  here  are  not  in 
thermal  equilibrium.  Therefore,  the  number  of  atoms  at  the 
upper  and  lower  levels  of  the  transition,  n(Y*)  and  >i(Y^) 
respectively,  are  not  directly  related  through  the  statistical 
weight  of  each  level  and  the  Boltzmanr  factor.  However,  if 
the  discharge  is  optically  thin,"’  changes  in  n(  Y*)  are  di¬ 
rectly  proportional  to  changes  in  /( Y* )  and  can  be  used  to 
estimate  changes  in  n  ( Y"  i . "  bmission  from  neutral  atomic 
0,A  =  0  7774/im,  was  used  todeteci  the  presenceof oxygen 
in  the  discharge. 

Film  thickness  e  was  measured  postdeposilion  with  a  Ten- 
cor  Alpha-Step  200  model  profilometer.  The  growth  rate,  C, 
was  determined  from  this  measurement.  Electrical  resistiv¬ 
ity  p  was  measured  using  a  four-point  probe  Crystallogra¬ 
phy  was  determined  by  double-angle  x-ray  diffraction 
(XRD)  using  Cu  Xa  radiation  (,4  =  0  154  18  nm)  Peak 


position  ( 2ff),  relative  intensity,  and  full  width  at  one-half  of 
the  maximum  intensity  (FWHM)  were  determined.  The 
diffractometer  was  calibrated  using  the  (01.1)  diffraction 
peak  of  a  quartz  standard  at  20  =  26.66  ±  0.02’,  whose 
width  IS  0  18*  Rutherford  backscattering  spectroscopy 
(RBS)  was  carried  out  on  selected  films  to  determine  the 
relative  atomic  concentration  of  Y  and  O.  2  MeV  He  '  ’  ions 
were  used  as  the  bombarding  species. 

A  Perkin-Elmer  Model  330  UV-visible-IR  double  beam 
spectrophotometer  with  a  specular  reflection  attachment 
was  used  to  determine  the  transmittance  T and  reflectance  R 
of  near-normal  incident  radiation.  Measurements  were 
made  in  laboratory  air  at  room  temperature.  The  absorption 
coefficient  a  was  calculated  from ' ' 

T  =  1  ( 1  -  R)’  exp(  -  ax)]/[  1  -  R  ’  exp(  —  2aJr)  1. 

(1) 

III.  RESULTS  AND  DISCUSSION 

Film  thickness,  growth  rate,  and  resistivity  are  recorded 
in  Table  1.  Crystallographic  parameters  are  recorded  in  Ta¬ 
ble  II.  Films  grown  in  Ar-O,  discharges  show  two  phases, 
hexagonal  close-packed  Y  and  body-centered-cubic  Y)Ov 
There  are  two  additional  structures  present  in  Alms  grown  in 
Ne-O,  discharges,  metallic  (Film  No.  21)  and  insulating 
( Film  Nos.  22,  25.  and  26)  phases  that  have  no  long  range 
crystallographic  order  detectable  by  XRD.  RBS  results 
show  that  the  nonmetallic  phase  is  chemically  identifiable  as 
Y]  O, ,  and  is  denoted  here  u  “a-Y,  O, ."  Figure  1  shows  the 
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TAatE  II.  Major  dilTraciion  plana  in  Y  and  Y;0,  films 


Film 

2fl(deg) 

Plane 

FWHM  (deg) 

Rel  1 

dui  (nm)* 

1 

30.92 

00  2  a-Y 

046 

100 

0.289 

6449 

00  4a-Y 

093 

3 

0145 

2 

30.86 

00  2  o  -Y 

0.42 

IX 

0.290 

64  32 

004  a-Y 

0  76 

3 

0.145 

3 

29  02 

222  c-Y.O. 

0.70 

IX 

0  308 

48.14 

440fY.O, 

1  10 

21 

0189 

4 

30  96 

00  2  a-Y 

038 

IX 

0289 

64  49 

004  a-Y 

082 

2 

0.145 

5 

30.81 

00  2  a-Y 

046 

IX 

0290 

64.11 

00  4  a-Y 

050 

2 

0  145 

6 

2901 

222C-Y.O. 

076 

IX 

0.308 

7 

28  94 

222C-Y.O. 

0.68 

)X 

0309 

8 

30.96 

00  2  a-Y 

0.38 

IX 

0.289 

9 

28  98 

222  r-Y.O, 

0  78 

IX 

0308 

10 

2897 

222  f-Y.O. 

0.77 

IX 

0  308 

II 

2896 

222f-Y.O. 

080 

IX 

0308 

12 

27  89 

100  a-Y 

042 

32 

0.320 

30  44 

00  2  a-Y 

064 

10 

0  294 

31  95 

10  1  a-Y 

0.59 

6 

0280 

49  16 

II  Oa-Y 

0.64 

IX 

0.185 

13 

2896 

222  f-Y.O. 

0  82 

IX 

0308 

14 

2893 

222  f-Y.O, 

0.78 

IX 

0.309 

IS 

2894 

222  f-Y,0, 

0.71 

IX 

0.309 

16 

49  09 

II  Oa-Y 

0.62 

IX 

0.186 

27  86 

10  Oa-Y 

0  41 

26 

0320 

30.38 

00  2  a-Y 

060 
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fields  over  which  all  phases  exist  as  a  function  of  cathode 
voltage  and  gas  O}  content  for  (a)  Ar-Oj  and  (b)  Ne^-O, 
discharges. 

In  terms  of  visual  appearance,  all  Y,  O,  films  are  transpar¬ 
ent  and  colorless.  Figure  2  shows  the  optical  absorption  coef¬ 
ficient  calculated  from  Eq.  (I )  as  a  function  of  incident  pho¬ 
ton  energy,  £,  for  two  films  that  represent  the  extremes  in 
yttria  optical  behavior  observed  here:  Film  No.  7.  which  is 
c-YjO,,  and  Film  No.  22,  which  is  j-YjO,.  Two  optical 
transitions  across  the  energy  band  gap  occur  in  Film  No.  7. 
There  is  a  direct  dependence  of  a'  on  £  for  both  transitions, 
as  shown  in  Fig.  3,  indicating  direct  transitions.”  Exirapo- 
latkmofthedatainFig.  3loa  =0  yields  =  5  07  eV  and 
=  S.73eV.  Twooplical  absorption  studiesof singlecrys- 
tal  Y;0,  place  the  band  gap  at  ~S  6eV”  and  ~6.1  eV,” 
measured  from  the  short  wavelength  limit  of  transmission. 
The  value  of  £,.,  obtained  here  is  in  good  agreement  with  the 
single  crystal  values. 

It  can  be  seen  from  Fig.  2  that  the  a  versus  £  data  for  Film 
No.  22  lacks  the  fine  structure  present  in  Film  No.  7.  How¬ 


ever.  a  change  of  slope  in  the  curve  for  Film  No.  22  occurs  in 
the  vicinity  of  the  onset  of  the  higher  energy  transition  in 
Film  No.  7.  At  high  photon  energy,  the  curves  for  Film  Nos. 
7  and  22  converge  indicating  similar  Y-O  short  range  order. 


•>  «>  >7  <l>  • 


pKi  I  A  "ptiaw  dugrwn"  for  spuitcr  dcpoMicd  Y-O  filmt.  The  crywal 
Uniclurt  M  a  funclion  of  the  calhodc  vnitafc  and  gaa  Ot  contenl.  •— 
hcu|onal  Y,  •—short  ran|r  order  Y,  C3— cubic  Y,0,.  O — abort  ran|e 
order  Y,0,  (a)  Ar-O,  and  (bl  Ne-O,. 
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Fk.  2  The  oplical  ahv'rplion  as  a  function  of  the  incidtin  pho- 

lon  cnerg)  foi^  two  representative  fi/ms  O — r.V.O,.n — a-Y.O, 

The  fundamencal  optical  absorption  edges  of  c- Y ,  O,  Film 
Nos  10.  11.  and  20  are  coincident  with  that  of  Film  No.  7. 
The  edges  of  a-Y,0,  Film  Nos.  25  and  26  are  coincident 
with  that  of  Film  No.  22.  However,  all  other  c-Y_.0,  films 
have  edges  whose  features  are  less  sharp  than  those  of  Film 
No.  7.  indicating  a  greater  amount  of  divirdcr,  and  yet  not  as 
featureless  as  the  edge  of  Film  No.  22.  We  will  relate  this 
phenomenon  to  the  growth  environment  below. 

With  n  pect  to  discharge  characteristics,  the  optical 
emission  iiitensity  from  Y*  atoms  is  recorded  in  Table  III. 
All  values  are  relative  to  the  intensity  of  the  transition  in  a 
pure  rare  gas  discharge  operated  at  the  same  cathode  vol¬ 
tage.  There  apparently  is  a  resonance  between  the  Y  transi¬ 
tion  at  0  6191  /im  (2.006  eV)  and  a  strong  O  transition  at 
0.6157  /im  (2.017  eV)  that  enhances  /(Y,t„,„  )  in  Ne-O. 
discharges  under  some  conditions,  as  indicated  in  Table  ill, 
and  these  data  are  not  representative  of  a  change  n(  Y"). 

The  relative  arrival  rale  .4  is  also  included  in  Table  III. 
This  quantity  is  the  growth  rat'*  relative  to  its  value  in  a  pure 
rare  gas  discharge  operated  at  the  same  cathode  voltage  cor¬ 
rected  for  the  difference  in  density  between  Y  (4  47  g/cm') 
and  Y.O,  (5  01  g/cm')  when  applicable.  Bulk  values  for 
density  are  used  here.  It  is  well  known  that  the  metal  target 
surface  reacts  with  oxygen  during  reactive  sputtenng  and 
the  sputtered  flux  will  consist  of  both  metal  and  metal-oxide 
species  The  relative  arrival  rate  is  assumed  here  to  be  pro¬ 
portional  to  the  flux  of  Y  to  the  substrate  both  in  atomic  form 
and  bonded  to  O  in  a  gaseous  Y  -oxide  molecule  of  unknown 
chemistry 

Using  a  coinparivin  of  /( Y* )  and  A  in  Ar-O.  discharges 
operated  at  -l.5and  -  1.7  kV  as  an  example,  we  can  de¬ 
fine  three  types  of  behavior  as  the  sputtering  gas  O..  content 
IS  increased  Type  I  -  /( Y* )  decreases  faster  than  8x2*^  (), 
IS  added  to  the  discharge,  indicating  that  some  form  of  Y- 
oxide  IS  being  formed  at  and  sputtered  from  the  target  sur¬ 
face  as  a  molecule,  along  with  atomic  Y  Films  grown  under 
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5.0  5.2  5.S  5.6 


E  X  E  S  6  T  (  E  V  ) 

Fk,  }  The  square  of  the  absorption  coeflicieni  as  a  funciHvn  of  the  incideni 
photon  energy  for  r-Y.O,  Extrapolation  of  the  data  lo  o'  =0  yields 
F.  ,  -  5  01  eV  and  £.,  =  $  73  eV  for  two  direct  transitions  across  the  ener¬ 
gy  hand  gap. 


these  conditions  are  metallic  but  have  a  resistivity  that  is 
higher  than  that  of  films  grown  in  pure  rare  gas  operated  at 
the  same  cathode  voltage,  suggesting  the  incorporation  of  O. 
Type  II:  Both  /( Y*)  and  ,4  decrease  to  —20%  of  their  value 
in  pure  rare  gas  as  the  gas  O,  content  is  increased  to  4%. 
Concurrently,  ( I )  an  emission  line  at  0.7774^m  signals  the 
presence  of  O  in  the  discharge,  and  ( 2 )  the  discharge  power 
nearly  doubles.  O  in  the  discharge  indicates  that  the  target  is 
no  longer  gettering  oxygen  Y.O,  is  a  better  electron  emitter 
than  Y,  and  the  increase  in  discharge  power  indicates  that  a 
complete  oxide  layer  has  formed  at  the  target  surface.  Films 
grown  under  these  conditions  are  f-Y  j  O, .  but  have  a  funda¬ 
mental  optical  absorption  edge  that  lacks  the  sharpness  of 
the  representative  curve  for  c-Y.O,  shown  in  Fig.  2.  Type 
III:  /( Y*)  decreases  further  and  A  remains  constant  as  the 
gas  Oj  content  is  increased  to  20%,  indicating  that  there  is  a 
larger  flux  of  Y  arnving  at  the  substrate  in  a  form  other  than 
atomic  Y,  compared  to  Type  II.  Type  III  behavior  is  ear¬ 
marked  by  a  value  of  /( Y*)  that  is  less  than  ,4.  The  resulting 
films  are  c-Y,  O, .  with  an  optical  abstirpiion  edge  represent¬ 
ed  by  the  curve  shown  for  r-Y.O,  in  Fig.  2. 

Type  III  behavior  occurs  in  .\r-0.  discharges  containing 

2%  O.  operated  at  -  I  .3  kV,  and  in  Ne-4()''Y  (),  operated 
at  1.5  kV.  Type  II  beh.ivior  occurs  in  Ne-().  diss'hargcs 
operated  at  all  values  of  F  for  gasO.  content  belwc'en  2  and 
2(K;  (). .  Tv  pe  1 1  behav  lor  represents  a  relatively  large  metal 
flux  asvKiatcd  with  an  oxidi/ed  target  surface,  which  can 
come  about  either  by  diswiation  of  the  Y-oxide  at  the  tar¬ 
get  surface  upon  sputtering,  or  by  diss,xiaiion  of  the  sput¬ 
tered  gaseous  Y  -oxide  molecule  in  the  negative  glow  With 
respect  to  prixess  parameters,  high  s.ilhodc  volt.ige.  low  gas 
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T \sif.  III  Relative  mlrn^ii)  of  Y  optical  emission  transitions  monitored  in  Ar-O;  and  Ne-O.  discharges  dunng  Y  and  Y  .O,  film  growth,  and  the  relative  Y 
arnval  rate. 
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O.  conieni,  and  Ne  rather  than  Ar  as  the  rare  gas  compo¬ 
nent  encourages  T)  pe  II  behavior.  The  latter  result  is  in  con¬ 
trast  to  findings  for  the  Zr-()  system,''’  in  which  the  use  of 
Ne  reduced  the  mctal/metal  oside  flux  in  the  negative  glow. 
Clearly.  Ne  is  acting  upon  oxidi/ed  Y  either  at  the  target 
surface  or  in  the  negative  glow  in  a  much  different  way  than 
It  acts  upon  oxidi/ed  /i  I  his  iiitcresling  phenomenon  will 
be  an  area  for  future  research. 

IV.  SUMMARY 

Reactive  sputter  dept'siiu'ii  of  Y  ansi  ,  O.  films  using  a  Y 
target  and  O.-'oearing  discharges  was  sluilied  as  a  function 
of  three  prinress  parameters:  cathode  voltage,  discharge  () 
content,  and  type  I'f  rare  gas  used  m  con|uiiction  with  ()  tn 
silu  optical  emission  spectrometry  was  used  to  monitor 
changes  in  the  Y  aiul  ()  .itomic  pi'pulation  in  the  negative 
glow  as  a  function  of  changing  process  parameter  The  raiige 
of  parameters  vwer  which  hexagonal  Y.  cubic  O,.  and  Y 
and  Y.O.  structures  with  no  long  range  crvstallographic 
order  were  deposited  w.’  deterniined  Two  direvt  optical 
transitions  across  the  eneigv  b.nul  gap  of  i  A  .O,.  at  1)7 
and  5  71  cV.  were  identified  Combinini!  disc  h  irge  diagnos¬ 
tics.  growth  rate,  I’nd  film  niopertv  resulls  it  was  concluded 
that  Y  (),  was  formed  at  tlie  substrate  concurrent  with  the 
complete  oxidation  of  the  l.irget  surface  Furthermore, 
based  on  fundainenlal  opiii  .il  absorption  edge  char.icteris- 
tics.  f-Y.O,  that  more  closely  resembled  the  bullc  material 
was  obtained  when  tlie  ^  <ixide/Y  flux  to  the  substrate  was 
high 


ACKNOWLEDGMENTS 

This  work  was  supported  under  US  ARO  Grant  No. 
DAAL03-!<')-K-0022  and  through  a  gift  by  Johnson  Con¬ 
trols.  Inc.  to  the  Wisconsin  Distinguished  Professorship  of 
CRA 


J  R  Rai.slv'n.  i  FlcvtnKhcm  StK*  114.  75(1%6) 

M  Gurvtich.  I  MjnvhdiM4.  And  J  M  Gihson,  AppI  Phys  Lcll  51.  *>1** 

T  Tsuisumt.  Jpn  J  AppI  Phyv  •.735(1971)) 

*D  F  Bc/uklcnhoul  jnd  R  Pretonus.  Thin  Solid  FilniN  139.  121  (1980) 
*M  S4>trr.  M  S  Marlin,  and  N  J  MclIiLAr.  Thin  St>lid  Film%  4,  RhI 
(1970) 

'’B  D  Merkic.  R  \  Kni\c(c>.  and  F  A  S».hmidt.  J  Appl  Phys  42.  |0|7 
(19K7) 

R  M  OoldMctn  .ind  S  C  Wmginlon.  Thin  Sctlid  Films  3,  R4I.  ( I9p9) 
'R  W  Tushvm.  1  I  Vandiiufs.  D  G  Montanan,  and  j  M  Wahl.  3 
Vjc  Sci  TtN-hnol  A  7.  225n  I  I9H9) 

'A  Si  /aidi:(.  V  K  Prolodt^.  S  M  Kaiskii.  V  A  Slavnyi.  and  E  Ya 
Shmdrr,  fahh-s  i»f  Sptrfful  l.iru’\  (  Plenum.  New  N  t»rk.  1970) 

‘H  G  Kuhn.  S/Ht/pu  ( Academic.  New  Y«>rk.  l9hM.  p  80 

"J  t  Greene.  J  V.k  Sfi.i  Technol  15.  1 71H  (  197m > 

C  R  Alla  and  M  F.  Marhic.  J  Appl  Phys  52.  1807  (  |QHI )  3  Vac  Sci 
Technol  A  1.  h9  (  NkI  ) 

"Sat.  for  example.  3  1  P.inko'e.  Opimtl  ih  Sfmiconducton 

(Prenine  H.ill,  Tiiglewoitl  Cliffv  NJ.  )9'>|) 

’*Y  Nigjra.  3pn  J  Appl  Phv\  7,404  11968) 

'V  N  Ahr.iniin  .mj  A  I  Ku/nrtvn.  Soc  Phys  Si*lid  Slale  20.  399 
1  197M) 

’'  C  -K  Kwt'k.iruir  R  An.i,  )  \  jc  Sci  Technol  A  7.  1235  ( t9H9). 


Near-ultraviolet  optical  absorption  in  sputter-deposited  cubic  yttria 
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Cubic  yttria  films  were  sputter  deposited  on  unheated  fused  silica  substrates.  In  situ  optical 
spectrometry  was  used  'o  monitor  emission  from  six  Y/  transitions  in  the  discharge.  A  simple 
formalism  was  developed  for  estimating  the  ratio  of  yttrium  arriving  at  the  substrate  in  atomic 
form  to  yttrium  bonded  to  oxygen  in  an  unspecified  molecular  form.  The  optical  absorption 
coefficient  (a  -  lu  -10'  cm  ' )  of  the  films  was  determined,  post-deposition,  over  the 
energy  range  5. 0-6.2  eV .  The  results  show  that  a  large  atomic  yttrium  flux  to  the  substrate 
during  deposition  resulted  in  a  “disordered"  optical  absorption  edge.  A  large  flux  of  yttrium 
bunded  to  oxygen  resulted  in  an  edge  with  two  direct  interband  transitions  separated  by  0  66 
eV,  in  gOvid  agreement  with  the  bulk  single  crystal  f .  data  and  a  recent  theoretical  energy  band 
calculation  for  cubic  yttna. 


I.  INTRODUCTION 

Yttria.  chemically  Y .  O, ,  in  bulk  form  at  room  tempera¬ 
ture  has  a  bixbyite-ty  pe  body-centered  cubic  lattice  structure 
consisting  of  an  eighty -atom  unit  cell  in  which  Y  is  in  sixfold 
coordinatK'n  with  ().'  In  a  previous  study.'  a  "phase  dia¬ 
gram"  for  the  sputter  deposited  Y-O  system,  shown  in  Fig  I. 
was  developed  in  which  film  crystallography  was  presented 
as  a  function  of  three  independent  process  parameters;  ( I ) 
cathvHle  voltage;  (2)  O.  content  of  the  sputtering  gas;  and 
(3)  type  of  rare  gas  used  in  conjunction  with  O,.  From  Fig. 

I,  It  can  be  seen  that  both  cubic-  (c-)  and  short-range  order 
(U-)  yttria  structures  iKcur  in  sputter  deposited  films.  Pre¬ 
liminary  results  comparing  the  optical  absorption  edge  of  a 
single  film  of  each  type  showed  differences  in  the  optical 
absorption  edge,  as  expected. 

The  purpose  of  thi.s  study  is  threefold.  ( 1)  to  expand 
preliminary  near-ultraviolet  optical  absorption  results'  by 
sampling  films  throughout  the  c-yttria  phase  field;  (2)  to 
compare  the  results  with  those  reported  for  bulk  single-crys¬ 
tal  c  yttria'  and  to  a  recent  theoretical  calculation  of  the 
electronic  band  structure;^  and  (  3)  to  relate  electronic  dis¬ 
order  in  the  vicinity  of  the  band  gap  (evidenced  by  changes 
in  near-ultraviolet  absorption)  to  the  film  growth  environ¬ 
ment. 

II.  EXPERIMENTAL  PROCEDURE 

The  experimental  program  consisted  of  film  growth  by 
reactive  sputter  deposition,  msiiu  sputtering  discharge  diag¬ 
nostics  using  optical  emission  spectrometry,  and  post-depo¬ 
sition  film  characterization  using  visible-near-ultraviolef 
spectrophotometry  to  determine  the  structure  of  the  funda¬ 
mental  optical  absorption  edge.  Infrared  spectrophotometry 
and  Rutherford  backscattertng  spectroscopy  were  carried 
out  on  selected  samples  to  obtain  lattice  ahvirption  data  and 
chemistry. 
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A.  Film  growth 

Films  were  grown  in  an  rf  diode  apparatus  by  sputtering 
a  13-cm-diam,  99.8%  pure  Y  target  bonded  to  a  water- 
cooled  Cu  cathode.  Supersil  fused  silica.  <lll)-cut  Si,  and 
carbon  foil  substrates  were  placed  on  a  water-cooled  Y -coat¬ 
ed  Cu  pallet  covering  the  anode.  The  anode-cathode  spacing 
was  7  cm.  The  chamber  was  evacuated  to  <  5  X  10  ’  Torr 
with  a  liquid-N;  trapped,  hot  Si-base  oil  diffusion  pump  and 
backfilled  with  the  sputtering  gas  to  a  total  pressure  of 
1x10  '  Torr.  The  sputtering  gas  consisted  of  a  rare  gas,  Ne 
(99.996%  pure)  or  Ar  (99.999%  pure),  and  O.-  (99.99% 
pure).  Each  component  was  separately  admitted  into  the 
chamber  using  an  MKS  Instruments  Baratron  Series  260 
pressu-e/flow  control  system. 

Two  presputters  preceded  each  deposition  The  first 
presputter  was  carried  out  in  pure  rare  gas  for  30  min,  and  its 
purpose  was  to  remove  the  oxide  layer  that  had  formed  on 
the  target  surface  upon  exposure  to  air.  The  second  presput¬ 
ter  was  carried  out  in  the  rare  gas-O^  mixture  used  to  deposit 
the  film  and  its  purpose  was  to  allow  lime  for  discharge  and 
target  surface  reactions  to  reach  dynamic  equilibrium.  The 
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TABLE  I.  Growth  parameters,  film  thickness,  growth  rate,  and  Y.O  atomic  concentration  for  sputter  deposited  c-yttria  films. 


Film 

Gas 

y 

(  -kV) 

Power 

<W) 

X 

(kA)* 

G 

(A/min) 

Y:(y 

x'lkA)" 

A 

Ar-4%  O, 

17 

670 

53  ±7 

B 

Ar-4%  Oj 

1.3 

600 

3  3  ±0.2 

50±3 

2:3.0 

3,30 

C 

Ar-20%  O; 

IS 

620 

45  ±3 

O 

Ar-20%  O, 

1  J 

400 

32  ±3 

2:3.0 

1  97 

E 

Ne-4%  O, 

15 

40S 

2.1  ±0.4 

23  ±  3 

F 

Ne-20%  O, 

IS 

4S0 

20  +  2 

*  Prolilometer  I'/.'asureir.ent  of  yttria  on  fused  vlica. 
"RBS  measurement  fyttna  on  carhon  foil. 


movable  shutter  that  covered  the  substrates  was  then  re 
moved  and  the  films  were  grown  according  to  the  conditions 
listed  in  Table  I.  The  cathode  voltage  y,.  recorded  in  Table  I 
was  measured  peak-to-peak  during  a  13.56-MHz  if  cycle. 
The  anode  was  kept  at  ground  potential.  The  films  studied 
are  designated  by  the  letters  A-F  on  Fig.  I. 

B.  Discharge  characterization 

The  rf  forward  power  in  the  discharge  was  determined 
as  a  function  of  nominal  sputtering  gas  composition  and 
cathode  voltage.  This  set  of  data,  combined  with  optical 
emission  data,  allows  us  to  determine  when  target  surface 
oxidation  has  occurred. 

A  model  HR320  Instruments  SA  optical  spectrometer 
with  1 200  and  2400  groove/mm  holographic  gratings  capa¬ 
ble  of  0. 5  A  resolution  was  used  to  measure  the  optical  emis¬ 
sion  intensity  HA)  as  a  function  of  nominal  sputtering  gas 
composition  and  cathode  voltage.  HA)  corresponding  to  six 
de-excitations  of  the  neutral  yttrium  atom  ( Y/)  to  ground 
sUte  were  monitored,  at  /I  =  3621,  4128,  4143,  4236,  6191, 
and  6793  A.’  Radiation  emitted  from  the  region  l>;tween  the 
anode  and  cathode  was  sampled  through  an  optical  window 
with  a  transmission  cutoff  of  3.2  kA.  The  window  was  shut¬ 
tered  when  not  in  use,  and  was  also  periodically  removed 
from  the  chamber  and  its  transmission  characteristics 
checked  by  spectrophotometry  to  detect  intensity  changes 
caused  by  coating  with  sputtered  flux  during  the  course  of 
the  experiment. 

C.  Film  charsctBiizatlon 

Crystallographic  data  for  the  films  are  reported  in  Ref  2 
and  recorded  in  Table  II.  In  summary,  all  41ms are  polycrys¬ 
talline  c-yttria.  Film  A  has  a  preferred  {222}  orientation. 
Films  B-F  have  only  {222}  planes  oriented  parallel  to  the 
substrate.  In  all  films,  the  interplanar  spacing  ■'  jj,,  is  larger 
than  the  bulk  value,  and  the  full  width  at  one-half  maximum 
diffraction  peak  intensity  is  greater  than  the  value 

due  to  instrument  effects  alone. 

Film  thickness  x  was  measured  p<ist-deposition  with  a 
Tencor  Alpha-Step  200  model  profilometer  from  a  step  pro¬ 
duced  by  masking  part  of  the  fused  silica  substrate  during 


deposition.  The  growth  rate  G  was  determined  by  dividing 
film  thickness  by  deposition  time.  We  wanted  to  calculate 
the  growth  rate  relative  to  its  value  in  a  pure  rare  gas 
discharge  operated  at  a  particular  cathode  voltage 
G '  =  I  C(  rare  gas  -)-  Oj  )/G(  rare  gas)  ] .  Films  were  grown 
in  pure  rare  gas  for  this  purpose.  As  discussed  in  Sec.  IV,  G ' 
was  used  to  estimate  the  arrival  flux  of  Y/Y -oxide  gaseous 
species  to  the  substrate. 

A  Perkin-Elmer  Model  330  UV-visible-IR  double  beam 
spectrophotometer  with  a  specular  reflection  attachment 
was  used  to  measure  the  transmittance  Tand  reflectance  R 
of  near-normal  incident  radiation  of  films  grown  on  fused 
silica.  Measurements  were  made  in  laboratory  air  at  room 
temperature.  The  absorption  coefficient  a  was  calculated 
from  the  expression,'’ 

7"=  (( I  -  ^)- cxp(  -  ax)]/l  1  -  R  -  cxp(  -  2ax)]. 

(I) 

A  Nicolet  Model  MX- 1  FT  !R  spectrometer  was  used  to 
obtain  the  infrared  absorption  spectra  of  films  grown  on 
(111)  Si  using  the  same  discharge  conditions  used  to  grow 


TABLE  II  Crysiillographic  partmeim  of  sputtrr-dqiosKed  c  yitna  on 
fused  silica  (from  Ref  2). 


Film 

10 

(deg)' 

Plane 

Rel  r 

(A)" 

Ad 

(deg)' 

A 

29  02 

222  fY,0, 

100 

3.077 

0  70 

48.I4 

440c-Y,O. 

21 

1  890 

1.10 

B 

29  01 

222fY,0. 

100 

3078 

0  76 

C 

28.94 

222  fY.O, 

lOO 

3.085 

068 

D 

28  97 

222c-Y,0, 

100 

3082 

0.77 

E 

28  97 

222  cY,0, 

100 

3082 

075 

F 

28  97 

222  fY,0, 

100 

3  082 

075 

'Unresolved  CuKa  radiation  used.  A  '  sa I H  A.  error  in  single  measure- 
menl  -  r  002' 


"  Rel  /  and  for  bulk  unstressed  f- Y ,  O ,  ( 222 )  •  100,  .VObO  A.  (440)  -46, 

1  874  A;  error  in  single  measuremeni  -  f  0  002  A 
idO  I8(  t  0O4)*for the  (01  I )  dilfraclKin peak o*'lhequartz standardal 
2«  =  26  66' 
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FIG  2.  The  piiwet  as  a  function  of  gas  O.  content  for  Ar-O.  discharges 
operatedat  I  J,  -  1  5. and  -  1  7kV  (;>-p). and Ne  O.  dischargesoper- 
ated  at  -  15  kV  (p-p) 


films  B  and  D.  These  films  are  denoted  8'  and  D'.  The  instru¬ 
ment  was  calibrated  using  a  polystyrene  standard  to  an  accu¬ 
racy  of  ±  4  cm  'in  the  wave  number  region  of  interest, 
400-400ucm  '  (250-2.5/am). 

Rutherford  backscattering  spectroscopy  ( RBS )  of  films 
grown  on  carbon  foil  using  the  same  condttions  used  to  grow 
films  B  and  D  was  carried  out  with  2  MeV  He  '  ’  ions 


it) 


Gas  %  02 


Fl(i  '  Rtfl  /I  /  I  js  .1  fuiKiit'H  ttf  gjs  (>  c<mf<rn(  fttr  ^4)  J  ^kV.  Ar-f>. 
dfM. h.irgr>.  ih)  J  '  kV  Ar-O  liis*. harges.  (t)  1  7  kV.  Ar-O  div 

..harmrs.  jiul  I  cU  1  '  kV  \i  <)  (.ltM.hargc\  ( curves  arc  dra^n  lhrtui|th 
red  iransHitm  slaia  for  an  easier  cDinparisttn  wtih  I  V  traiiMlittiis) 


as  the  bombarding  species,  Y:0  atomic  concentration 
(  +  <  10%)  and  film  thickness  using  bulk  c-yttria  density 
were  determined. 

III.  RESULTS 

Figure  2  shows  the  rf  forward  power  as  a  function  of 
nominal  spuitenng  gas  composition  and  cathode  voltage. 
The  emission  intensity  relative  to  its  value  in  a  pure  rare  gas 
discharge  operated  at  a  particular  cathode  voltage.  Rel. 
I{A),  is  shown  in  Fig.  3. 

Film  thickness,  growth  rate,  and  Y :0  atomic  concentra¬ 
tion  are  recorded  in  Table  I.  The  Y:0  atomic  concentration 
in  films  Band  D  is  2:3.  Profilometerand  RBS  measurements 
of  thickness  are  in  agreement. 

In  terms  of  visual  appiearance,  all  films  are  transparent 
and  colorless  in  transmitted  light.  Figure  4  shows  the  optical 
absorption  coefficient  as  a  function  of  incident  photon  ener¬ 
gy  £  for  films  grown  in  three  regions  of  the  phase  diagram,  as 
shown  in  Fig.  I.  (a)  Films  A  and  B  were  grown  in  Ar-O, 
discharges,  using  conditions  near  the  yttnum:c-yttria  phase 
boundary  (region  I),  (b)  Films  C  and  D  were  grown  in 
Ar-O,  discharges,  using  conditions  far  from  the  yttrium:c- 
yttria  phase  boundary  (region  II).  (c)  Films  E  and  F  were 
grown  in  Ne-O,  discharges,  using  conditions  across  the  c- 
yttria  phase  field  ( region  11! ),  specifically  at  the  same  nomi¬ 
nal  O.  content  (4%  and  20%)  and  V,  (  -  1.5  kV)  used  to 
grow  films  B  and  D. 

In  general,  a  varies  as  C(E  -  £,)''*  for  direct  transi¬ 
tions  {^k  -  0)  across  the  band  gap.  We  previously  identi¬ 
fied^  two  direct  interband  transitions  in  a  film  grown  under 
region  II  conditions,  with  optical  gaps  £,,  =  5.07  eV  and 
£,,  =  5.73  eV.  Figure  5  shows  versus  £  for  films  C  and 
D.  It  can  be  seen  that  these  data  are  in  good  agreement  with 
curves  from  Ref.  2,  included  in  Fig.  5. 

The  infrared  spectra  of  B’  and  D'  have  a  vibrational 
band  characteristic  of  bulk  c-yttria  short  range  order’ "  The 
frequency  at  maximum  band  intensity  vand  the  full  width  at 
one-half  maximum  intensity  Av  are  recorded  in  Table  III. 
Bulk  c-yttria  powde'  has  a  strong  vibrational  band  at 
V  =  561  cm  ' single-crystal  data  places  v  at  580  cm  ' ,’ 
and  at  542  cm  '  for  polycrystalline,  multiorientation,  and 
evaporated  c-yttria  films.'*  Films  B  and  D  have  identical  v 
values,  within  experimental  error,  and  lie  between  bulk  poly¬ 
crystalline  and  single-crystal  values.  Av  v.ilues,  which  repre¬ 
sent  the  statistical  distribution  of  the  vibrational  frequency 
about  the  average  value,  are  identical  for  films  B  and  D. 
These  results  show  that  c-yttria  films  representing  regions  I 
and  II  in  the  phase  diagram  are  indistiguishable  in  terms  of 
average  Y-O  short-range  order. 

IV.  DISCUSSION 

In  the  ca.se  of  Ar-O,  discharges,  the  sudden  increase  in 
power  and  decrea.ve  in  Rel.  HA)  at  a  critical  gas  O,  content 
indicates  that  an  oxide  has  formed  on  the  target  surface,  and 
that  this  oxide  is  a  belter  secondary  electron  emitter  than 
yttrium  metal.  Target  surface  oxidation  occurs  at  4%  O,  for 
discharges  operated  at  -  1.7  and  —  1.5  kV,  and  at  2%  O. 
for  a  -  1.3-kV  discharge.  Yttrium  atoms  in  the  discharge 
result  from  target  surface  oxide  dissiKiation  upon  sputtering 
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FIG  4  The  <^p(icj|  ahstirpluin  ctx’ffivicnl  ft  as  a  fiincdon  »»f  iikkIcih  ph«»it»n 
energy  E  for  (a)  films  A  anu  B  ( rectum  I ).  ( h;  films  C'  ami  D  f  rcgi«>n  || ). 
and  (cf  films  E  and  F  (regtori  Ml) 


FKi  5  u  \s /■*  for  films  C  and  D  I  he  solid  line  represents  data  laken  from 
Ref  2  Ixo  direct  transitions  acf(»ss  the  energy  hand  gap  tveur  at 
A'.  V 


fheM’  n'f)  trnnxitirrs  Juc  i<>  n  plasma  volume  reaclion{s). 

Optical  absorption  measurements  yielding  edge  struc¬ 
ture  have  yet  to  be  made  on  bulk  single-crystal  c  ytiria.  The  a 
versus  E  spectrum,  however,  will  be  similar  to  f ,  versus  £. 
The  only  reported  determination  of  f ,  versus  E  for  single¬ 
crystal  c  ytfria,  a  Kramers-Kronig  analysis  of  reflectance 
data,'  shows  an  initial  double-peaked  structure  similar  to 
that  observed  in  films  C  and  D,  with  n  at  6  eV  calculated  to 
be  l.^X  10'  cm  ' ,  in  good  agreement  with  our  data  la(6 
eV)  =  1  X  10'  cm  '  ).  A  recent  theoretical  calculation'  of 
the  c-yttna  energy  band  structure  shows  two  dtrect  transi¬ 
tions  along  r  (k  =  0)  to  bands  separated  by  <  I  eV  in  the 


or  from  dissociation  of  sputtered  Y-oside  molecules  in  the 
plasma  volume.  In  the  case  of  Ne-O,  discharges  operated  at 
-  1,5  kV,  the  increase  in  ptiwer  and  decrease  in  Rel.  I(A ) 
from  all  ultraviolet  transitions  indicates  an  oxidired  target 
surface  at  2%  O, .  Hence,  all  films  studied  are  sputtered 
from  an  oxidized  target  surface.  /(6I^I  A )  and  /( 679.1  a ) 
are  not  reduced  in  —  1.5  kV,  Ne-O.  discharges  even  though 
the  target  surface  is  oxidized.  There  appears  to  be  selective 
enhancement  of  the  upper-level  population  ass<Kiated  with 
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lower  part  of  the  conduction  band.  The  energy  separation 
SE  =  0  66  eV  between  the  two  direct  transitions  that  com- 
pnsc  the  edge  of  tilms  C  and  D  is  in  e.xcellent  agreement  with 
theory. 

(I  sersus  A.'curves  for  films  A.  B.  b.  and  F  lack  the  tine 
structure  present  in  the  curses  for  films  C  and  D  The  energy 
separation  between  'he  two  lran-.itions  disaptx-ars.  and  in 
fact,  (t  docs  not  vary  directly  with  A  '  anywhere  i>n  the 
edge,  indicating  a  modified  joint  density  of  slates. 

Differences  in  the  optical  absorplioti  edge  '•i.uctuie  of 
films  grown  m  different  regions  of  the  c-ytlr,.*  phase  field 
cannot  be  attributed  to  gross  differences  in  chemistry,  crys¬ 
tallography.  or  short-range  Y-O  order  Furthermore  r.;-..- 
cess  parameters  such  as  growth  rate  .md  diseh  ng^  power  do 
not  systemaiically  affect  the  i  Jn-  ru.;ure  We  can,  how¬ 
ever,  relate  the  edge  striicime  of  region  I  and  II  tilms  to  the 
Y-oxii.e/Y  flux  in'  ioeiil  on  the  substrate  as  follows. 

Based  on  mass  spectrometry  stuc.ies  of  other  target  ma¬ 
terials, the  flux  arriving  at  the  substrate  is  expected  to  con¬ 
sist  of  yttrium  atoms  f  sor.ie  form  of  Y-oxide  molecule  that 
has  been  sputtered  nitacl  If  /  equals  the  total  flux  of  yt¬ 
trium  in  >11  forms  arriving  at  t  he  subsi  rale  rc/tir/re  to  its  value 
in  rare  gas,  then, 

.  /  =  '/(Y)  -s  '/(Y-oxide).  (2) 

where  ,  /  ( Y )  and  /  (Y-oxide)  are  the  relative  flux  of  atom¬ 
ic  yttrium  and  yttrium  btinded  to  oxygen  in  some  form," 
respectively  .  Assuming  unity  slicking  cocflftcienl.  then. 

-/ =  G'(ji(Y)/g»(Y.O,)].  (3) 

where  G  '  is  the  relative  growth  rate  defined  in  Sec.  II  C  and 
the  bulk  atomic  densities  arc  /i(N’)  -  4  47  g/cm'  and 
jMY.O;)  ?0I  g/cm  In  general,  for  an  optically  thin 
plasma  in  liKal  thermal  ct(uilibrium.' 

/(/t )  /it.T  .V./4,t/,  (4) 

w  here  is  the  Einstein  coefficient  of  the  optical  iran.siiion 
assxviated  with  dc-e.xcilation  of  an  atom  m  an  upper  stale  k 
to  a  lower  state  /  resulting  in  emission  of  radiation  at  A.  is 
the  number  of  atoms  in  the  upper  stale,  h  is  Planck's  con¬ 
stant,  and  f  Is  the  speed  of  light  m  vacuum.  .V,  is  proportion¬ 
al  to  .V  ,  the  number  of  ground  stale  atoms,  lleiicc.  Rel 
HA),  defined  in  Sec.  III.  is  given  by 

Rel.  HA)  Rel  .V.  Rel  .V  /<Y).  (5) 

where  Rel  .V  and  Rel  V  aic  ihe  number  of  atoms  in  excit¬ 
ed  and  ground  stales  A  and  i  rchnn  c  to  their  number  in  a  pure 
rare  gas  discharge  operated  .it  the  s.imc  cathode  voltage  Us¬ 
ing  Fiq.  (2). 

.r/(  Y-oxide)  -  -  /  (  Y) 

.=  G'[/7(Y)//;(Y,0.)|  Rel.  HA), 

(6) 

and  the  Y-oxide/Y  flux  to  the  substrate  is  given  by 

V(Y-oxide;/  r  (  Y)  ^  f  G '[//(  Y  )/^»(  Y.O, )  | 

-  Rel  /(if)}/Rel.  /(/i).  (7) 

The  right-hand  side  of  Fq  (7)  contains  quantities  wc 
have  measured  The  values  for  {G '( jif  Y  )//>(  Y.O, )  |  }. 
Rel.  HA),  and  /  i  Y-oxidel/  /  (  Y)  for  films  A-D  are  re- 
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corded  in  Table  IV.  /(  Y-oxide)/  /( Y)  =  0-0.6  for  region 

I  films,  and  is  at  least  .^.2-4  6 x  larger  for  region  II  films. 
Under  region  I  conditions,  yttrium  is  delivered  to  the  sub¬ 
strate  predominantly  in  atomic  form,  whereas  under  region 

II  conditions,  y  ttrium  is  delivered  to  the  substrate  predomi¬ 
nantly  in  a  form  bonded  to  O.  A  large  atomic  yttrium  flux 
results  in  a  "disordered"  optical  absorption  edge  (films  A 
and  B),  whereas  a  large  Y-oxide  flux  results  in  an  edge  with 
the  characteristic  features  of  bulk  c  yttria  (films  C  and  D). 

The  above  analysis  cannot  be  applied  to  films  E  and  F 
( region  III).  There  is  selective  enhancement  of  of  the  two 
red  transitions  in  Ne-O,  discharges  operated  at  —  1.5  kV, 
and  Eq.  ( 5)  does  not  hold  Rel.  /(/I )  is  the  same  for  both  red 
transitions  in  Ne-  4%  O.,  suggesting  a  yet  to  be  identified 
broad  band  excitation  source  |  a  -  a 

=  (2.006  -  1.823)  eV  =0  183  eVl.  In  Ne-20%  O,, 

/(6793  A)  IS  reduced  to  the  level  of  the  ultraviolet  transi¬ 
tions,  the  upper  population  of  this  transition  no  longer  en¬ 
hanced,  whereas  /(bl*)!  A )  does  not  decrease,  indicating  its 
excitation  stiurce  has  changed.  /(6191  A)  enhancement  in 
Ne-  O,  IS  most  likely  caused  by  a  resonance  with  an 
atomic  O  transition  at  6157  A  a  - 

=  (2.017-2.006)  eV'  =  0011  eV],  known  to  be  strong  in 
Ne-O.  sputtenrig  discharges.”  Films  grown  under  region 

III  conditions,  in  which  the  flux  of  y  ttrium  atoms  exc’ted  to 
-  2  eV  IS  high,  have  disordered  absorption  edges.  The  pre¬ 
cise  connection  between  this  excited  yttrium  population  and 
the  creation  of  electronic  disorder  on  the  edge  awaits  further 
investigation. 

V.  SUMMARY 

Cubic  yttria  films  were  snuller  deposited  on  unhealed 
fused  silica  substrates  In  \ilu  optical  spectrometry  was  used 
to  monitor  emission  from  six  Y/  transitions  in  the  discharge. 
A  simple  formalism  was  developed  for  estimating  the  ratio  of 
yttrium  arriving  at  the  substrate  in  atonic  form  to  yttrium 
bonded  to  oxygen  in  an  unspecified  molecular  form.  The 
optical  absorption  coefficient  (o  -  ~l()‘-l()'  cm  ')  of 
the  films  was  determined,  post -deposition,  over  the  energy 
range  5  (V-6  2  eV 

From  the  resuls  presented  above,  we  conclude: 

(  I )  The  absorption  edge  structure  varies  with  nominal 
sputtering  gas  eompoMiion  (O.  content,  type  of  rare  gas 
used  in  coniunction  with  O.  )  and  cathode  voltage,  even 
though  the  films  produced  have  smiilar  stoichiometry,  crys- 


9440 


<  AfVYi  Phx/«  Vnl  M  A  1Q<)0 


Kwok  Alta  and  Kotawa 


^9 


tallographic  parameters,  and  lattice  absorption  behavior 

(2)  A  large  atomic  yttrium  flux  to  the  substrate  results 
in  cubic  yttria  with  a  "disordered"  optical  absorption  edge. 

(3)  A  large  flux  of  yttrium  b<mded  to  oxygen  to  the 
substrate  results  in  cubic  yttria  whose  edge  consists  of  two 
direct  inierband  transitions  separated  by  0  66  eV,  m  gcKxl 
agreemen*  with  the  bulk  single-crystal  f  .  data'  and  a  recent 
theoretical  energy  band  calculation  for  cubic  yttria.* 
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High  temperature  air>anneaiing  behavior  of  sputter  deposited  amorphous 
yttria  films  on  fused  silica 
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Materials  Department.  (Jniuerstty  of  Wisconstn-Mtiwaukee.  P  O.  Box  784.  Milwaukee.  iVisconsin  53201 
(Received  11  November  1991;  a^^ceptcd  16  December  1991) 

This  article  addresses  the  response  of  amorphous  yttria  films  grown  on  fused  silica  substrates  to 
high  temperature  (900*0  cyclic  annealing  in  air  for  up  to  145.5  h.  Surface  science  and  bulk 
analytical  techniques  were  applied  to  determine  and  correlate  changes  in  microsiructure, 
crystallization,  optical  behavior,  and  chemistry  (atomic  concentration  and  bonding)  concurrent 
with  annealing.  Limited  crystallization  occurred  after  short-term  annealing,  resulting  in  regions 
of  nanocrystallinity  in  an  amorphous  mains  X-ray  phoioelectron  spectroscopy  data  showed  an 
accompanying  loss  of  resolution  of  Y  —  3d vj  spin  states,  but  no  change  in  the  fundamental 
optical  absorption  edge  was  observed.  Long-term  annealing  resulted  in  granulanzation  of  the 
matrix  itself,  with  a  large  increase  in  optical  absorption  in  the  3-5  eV  range.  X-ray  photoelectron 
spectroscopy  data  showed  a  broadening  of  the  O  Is  peak.  No  evidence  of  Si  diffusion  from  the 
interfacial  region  mio  the  yttna  film  was  seen,  even  after  long-term  annealing,  demonstrating 
amorphous  yttna's  potential  use  as  a  high  temperature  diffusion  bamer  for  metal-on-Si-based 
ceramic  applications. 


I.  INTRODUCTION 

Yttna.  YjOj,  is  a  wide  energy  band  gap,  refractory  mate- 
nal.  The  standard  temperatuie  and  pressure  structure  is 
bixbyite-type  cubic,  stable  up  to  2325  *C.  Previously,  we 
constructed  a  phase  map  for  the  sputter  deposited  yttnum- 
oxygen  system,  and  showed  that  both  crysulline  and  high 
density  amorphous  yttria  films  can  be  produced  near  room 
temperature  in  a  controlled  manner  on  many  types  of 
substrates 

morphous  yttna  is  an  important  matenal  because  of 
Its  use  as  a  high  temperature  diffusion  barner '  It  also  has 
potential  use  as  a  corrosion-inhibiiing  coating,  which,  as  m 
ihe  case  of  aluminum  nitride,*  ’  may  be  enhanced  when 
lone  range  crystalline  order  is  suppressed.  Its  high  diciec- 
tne  constant  f  ~  14-17  makes  amorphous  yttna  a  good 
capacitor  m^aterial  for  very  large  scale  integration 
applications.  Last,  its  wide  band  gap  giving  transparency 
throughout  the  near  infrarcd-visible  region  and  its  refrac¬ 
tory  nature  make  amorphous  yttna  a  potential  candidate 
as  a  protective  coating  on  high  power  laser  mirrors  and 
lenses 

The  present  paper  addresses  the  stability  of  amorphous 
yttna  films  deposited  on  fused  silica  substrates  and  sub¬ 
jected  10  high  temperature  cyclic  annealing Z*  The  goal  of 
the  study  was  to  understand  the  matenal's  response  to  the 
type  of  arnealmg  that  it  may  encounter  when  in  use  in  the 
field  Using  a  battery  of  bulk  analytical  techniques,  we  re¬ 
port  changes  m  microstructure,  crystallization,  and  optical 
absorption  th.it  accompany  annealing  X-ray  photoelectron 
spectro'-opy  was  used  lo  obtain  information  about  chem¬ 
ical  sr^cies  and  bonding  that  was  central  to  our  under¬ 
standing  of  the  relationship  between  these  chanites  for  a 
given  annealing  time  at  temperature. 

II.  EXPERIMENTAL  PROCEDURE 

The  films  studied  here  were  grown  on  unheated  Suprasil 
fused  silica  substrates  hy  ra.lio-frequency  (rf)  diode  sput- 


tenng  a  99.8%  Y  target  in  Ne-Oj  atmospheres,  as  previ¬ 
ously  desenbed.'"*  The  as-deposited  films  were  1(X)  nm 
thick,  amorphous,  stoichiometnc  YjOj.  These  films  had 
"naturally  aged"  for  one  year  at  room  temperature  in  lab¬ 
oratory  air  before  the  current  annealing  study  was  begun. 

In  order  to  study  the  effect  of  cumulative  time-at-iem- 
perature,  a  naturally  aged  film  was  annealed  in  air  at 
9<X)’C  for  sequential  periods  of  time  of  0.5,  I.  24,  48.  ar-d 
72  h.  After  each  time  period,  the  film  was  withdrawn  from 
the  furnace,  cooled  in  air,  and  examined  as  described  be¬ 
low.  Two  additional  films  were  annealed  in  laboratory  air 
at  9<X)  'C  for  time  penods  of  1  and  72  h,  respectively,  solely 
for  the  purpose  of  x-ray  photoelectron  spectroscopy  anal¬ 
ysis. 

Charactenration  of  the  films  after  each  prcxiessing  step 
included  the  following  measurements  Electrical  resistivity 
of  all  films  was  measured  with  a  four-point  probe,  and 
found  to  be  greater  than  10'°  jill  cm 

Microstructural  changes  commensurate  with  annealing 
were  determined  using  both  optical  and  scanning  electron 
microscopy  Crystallography  was  determined  by  double¬ 
angle  x-ray  uiffraction  (XRD)  using  unresolved  Cu 
radiation  with  wavelength  /(  =  0  1542  nm.  The  diffracto¬ 
meter  was  calibrated  using  the  {011}  diffraction  peak  of  a 
polycrystalline  quartz  standard  at  2©  =  26.66*0.02’ 
XRD  peak  intensity,  position  (20  *  0  02*),  and  full  width 
at  one  half  of  the  maximum  intensity  were  measured.  From 
these  measurements,  the  interplanar  spacing  J  was  calcu¬ 
lated  from  the  Bragg  relationship  for  first  order  diffraction: 
A  =  2d  sin  0  The  minimum  crystallite  size  D  was  deter¬ 
mined  using  the  Scherrer  equation"'  £>  =  0  9A/fl  cos  0. 
where  B  is  the  peak  width  corrected  for  instrumental 
broadening  contnbutions. 

A  Perkin-Elmer  Model  330  ultraviolet-visible-infrared 
double  beam  spectrophotometer  was  used  to  determine  the 
optical  reflectance  R  and  transmittance  T  of  near-normal 
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incident  radiation  through  the  him  -  substrate  composite. 
.Measurements  were  made  in  laboratory  air  at  room  tem¬ 
perature  over  the  wavelength  range  of  1 83  to  ICXX)  nm  ( 6  6 
'o  1.2  eV)  An  A1  mirror  was  used  for  the  background 
correction  in  the  reflectance  mode,  and  the  film  reflectance 
was  measured  relative  to  the  A1  mirror.  A  bare  fused  silica 
substrate  was  placed  m  the  reference  beam  path  dunng 
'.ransmittance  mea  urements.  In  this  manner,  transmit¬ 
tance  through  the  silica  substrate,  even  though  > 
throughout  the  wavelength  region  of  interest,  was  sub¬ 
tracted  from  the  value  for  the  film  —  substrate  composite. 

The  optical  absorption  coelficient  a  was  calculated  as  a 
function  of  incident  photon  energy  E  from  these  spectro- 
photometric  measurements  and  a  knowledge  of  film  thick¬ 
ness  X  =  100  nm  using  the  following  expression" 

7'=((l  — iRl'expt  -ajt)|/[l  —  exp(  — lojt)).  (1) 

Information  regarding  the  joint  density  of  electronic  states 
(valence  —  conduction  band  states)  in  the  vicinity  of 
band  gap  was  obtained  from  the  functional  dependence  of 
the  absorption  coeificient  on  the  incident  photon  energy. 

A  VG  Instruments  Model  Mark  II  Auger  electron 
vpectroscopy/ electron  spectroscopy  for  chemical  analysis 
( AES/ESCA)  system  with  a  1253.6  eV  Mg  Ka  radiation 
source  was  used  for  x-ray  photoelectron  spectroscopy 
iXPS)  he  instrument  was  calibrated  using  a  gold  foil 
standard,  to  the  Au  electron  binding  energy  at  83.8 
£0  2  eV  with  a  full  width  at  one  half-maximum  intensity 
;FWHM)  of  12  eV  XPS  depth  profiling  using  a  5  keV 
Ar '  ion  beam  as  the  sputter  etching  agent  was  earned  out 
to  obtain  chemical  information  from  layers  below  the  film 
surface  The  sputter  etching  rate  was  estimated  to  be  12 
*0.2  nm.'min. 

III.  RESULTS  AND  DISCUSSION 

A.  MIcrostructur* 

Optical  microscopy  of  the  naturally  aged  film  revealed  a 
featureless  structure  However,  after  annealing  for  0.5  h. 
globules  with  dimensions  of  2-4  jam  were  observed  in  the 
featureless  matrix  (Fig.  l(a)|  The  average  interglobular 
spacing  was  4  urn  The  size  and  dispersion  of  these  globules 
did  not  change  even  after  a  cumulative  anneal  time  of 
145  5  h 

However,  annealing  at  900  'C  beyond  I  5  h  resulted  in  a 
transition  in  the  matrix  itself  The  featureless  matnx  was 
replaced  by  "grains”  with  conspicuous  boundanes.  The 
average  gram  diameter  was  0.6  jam.  A  scanning  electron 
micrograph  ( SEM )  of  this  structure,  taken  after  a  cumu¬ 
lative  anneal  of  145  5  h.  is  shown  in  Fig.  Kb). 

B.  Crystallography 

X-ray  diffraction  measurements  showed  that,  as  ex¬ 
pected.  the  as-grown  amorphous  films  did  noi  undergo 
crystallization  after  natural  aging.  However,  after  anneal¬ 
ing  for  0  5  h.  a  transition  to  a  nanocrystalline  structure 
occurred,  evidenced  by  two  weak,  broad  diffraction  peaks 
corresponding  to  (222}  and  {440}  planes  of  the  cubic 
bixbyite-type  yttna  lattice.  These  peaks  were  of  equal  in- 
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Fic  i  u)  Opiical  micro|r»ph  of  a  yttna  Rim  annealed  in  (ir  al  900*0 
for  0  S  h  lb)  Scannini  eleciro'i  micto|raph  of  a  yttna  film  after  a  145  5 
h  anneal 


tensity  The  interplanar  spacings  d{222}  =0.304  nm  and 
(^{440}  =0.187  nm  were  the  same  as  those  for  unstressed 
bulk  cubic  yttna.  Neither  peak  intensity  nor  diffraction 
angle  (hence  interplanar  spacing)  was  affected  by  increas¬ 
ing  the  cumulative  annealing  time  to  145.5  h.  The  nano- 
crystallite  size  calculated  from  {222}  reflections  after  a  0.5 
h  anneal  was  equal  to  50  nm,  and  increased  twofold  after 
145.5  h  at  temperature. 

A  companson  of  XRD  and  microstructural  data  shows 
that  panial  crystallization  is  accompanied  by  the  forma¬ 
tion  of  "globules,”  which  we  conclude  to  contain  clusten 
of  nanocrystallites. 

C.  Optical  absorption  coafficiant 

With  respect  to  visual  appearance,  films  in  all  process¬ 
ing  conditions  were  colorless  in  transmitted  light.  The  op¬ 
tical  absorption  coefficient,  calculated  using  Eq.  ( I ),  is 
shown  in  Fig.  2  as  a  function  of  incident  photon  energy.  It 
can  be  seen  that  natural  aging  shifted  the  low  energy  regioa 
of  the  absorption  curve  to  higher  energy,  while  the  high 
energy  absorption  coefficient  remained  unchanged.  The 
precise  reason  for  the  change  in  the  shape  of  the  low  energy 
ponion  of  the  a  versus  £  curve  with  natural  aging  is  u  yet 
unknown,  but  the  fact  that  the  high  energy  portion  did  not 
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FlC  2  The  optical  abvsrpiion  coefftcieni  as  a  function  of  incident  photon 
atergy  for  different  proces-^ing  conditions  of  a  yttna  him 

change  with  aging  signifies  that  nearest-neighbor  Y-O 
bonding  remained  unchanged.'^ 

Annealing  for  up  to  I  S  h  did  not  affect  the  fundamental 
optical  absorption  edge  Apparently,  the  formation  of 
nanocrystallites  concentrated  in  globular  regions  whose  di¬ 
mensions  are  an  order  of  magnitude  larger  than  the  inci¬ 
dent  radiation  does  not  affect  the  edge  position  or  shape. 
With  further  annealing,  however,  a  large  shift  to  lower 
energy  occurred,  as  can  be  seen  from  the  a  versus  E  curve 
for  25  S  h,  and  this  trend  continued  with  increasing  anneal¬ 
ing  time.  The  increased  optical  absorption  is  commensu¬ 
rate  with  the  granulanzation  of  the  matiix  and  is  most 
likely  caused  by  scattenng  of  the  incident  light  of  wave¬ 
length  (hat  IS  the  same  order  of  magnitude  as  the  diameter 
of  a  gram. 

0.  Chemistry 

The  relative  atomic  concentration  of  each  element  for  a 
film  annealed  for  ‘^2  h.  was  calculated  using  XPS  pe'k 
height  sensitivity  factors”  for  Y.  Si.  and  O  The  depth 
profiles  thus  obtained  are  shown  in  Fig  3.  There  is  an 
outermost-surface  layer  of  Y  O  in  a  1  3  ratio  charactenstic 
of  Y(OH)i  With  subsequent  etching,  the  Y  and  O  con¬ 
centrations  reach  a  ratio  of  2  3.  characteristic  of  YjOv 
This  ratio  remains  constant  to  the  film/substrate  interface, 
at  a  depth  of  KXI  nm 

Figure  3  shows  that  a  small  Si  signal  (  <  I  at  %)  first 
appears  after  etching  lo  a  depth  of  60  nm  from  the  film/air 
interface.  This  signal  increases  to  a  value  of  —5  at.  %  after 
etching  to  a  depth  of  ICX)  nm.  which  corresponds  to  the 
film  thickness  Si  had  ihe  same  profile  and  amplitude  in  the 
unannealed  and  annealed  conditions,  and  its  presence  in 
the  spectra  is  attributed  to  either  smearing  of  the  interface 
during  film  growth,  a  common  iKCurrence  dunng  sputter 
deposition,  or  an  artifact  of  the  sputter-eiching  process  re¬ 
quired  for  depth  proHling  It  is  therefore  concluded  that  Si 
does  not  diffuse  from  the  interfacial  region  into  the  film 
upon  high  temperature  annealing  This  result  is  technolog¬ 
ically  important  because  yttna  is  a  candidate  for  a  high 
temperature  diffusion  barner  layer  for  metal-on-Si-based 
ceramic  systems  ' 


Depth  (nm) 


FiO.  J  Ti>«  rtlaiivt  itomic  conccntniion  of  O.  Y.  and  Si  tpccia  in  ■ 
ytina  film  ur  annealed  at  900  X  for  72  h  as  a  function  of  Ihe  depth  from 
the  film/air  interface. 


We  next  compare  the  Y  id  and  O  Ir  photoelectron  peak 
shape  for  the  naturally  aged  condition  with  matentl  an¬ 
nealed  for  I  and  72  h.  Figures  A-6  show  spectra  uken  at  a 
depth  of  (a)  12  nm  (i.e.,  near  the  film/air  interface)  and 
(b)  72  nm  (i.e.,  near  the  film/substrate  interface)  for  each 
annealing  time.  Yttria  is  a  good  insulator  as  shown  by 
electrical  resistivity  measurements  cited  above.  As  ex¬ 
pected.  there  was  considerable  charge  shifting  of  the  pho- 
toeleciron  binding  energy  peaks  in  all  films.  The  usual 
method  we  use  for  charge  shift  correction,  referencing  to 
the  C  Is  photoelectron  binding  energy  peak  at  284.6  eV, 
cannot  be  used  here.  Adventitious  carbon  simply  did  not 
exist  in  the  intenor  of  the  films  Although  the  C  Is  photo¬ 
electron  binding  energy  at  the  film  surface  before  sputter 
etching  can  be  used  to  estimate  the  amount  of  charge  shift¬ 
ing,  5  1-6  5  eV,  this  value  cannot  be  used  as  a  correction 
factor  to  obtain  an  absolute  photoelectron  binding  energy. 
The  abscissa  shown  in  Figs.  4—6  is  therefore  uncorrected 
for  sample  charging  and  does  not  represent  true  Y  3d  or  O 
Is  photoeleciron  binding  energy. 

Figure  4  shows  the  Y  id  and  O  Is  photoelectron  peaks 
of  naturally  aged  matenal  Comparing  Figs  4(a)  and 
4(c).  It  can  be  seen  that  the  Y  id  peaks  for  both  depths 
within  the  naturally  aged  film  are  identical  in  shape.  Mul¬ 
tiple!  splitting  of  core-level  peaks  is  observed  in  systems 
having  unpaired  electrons  in  the  valence  level,  due  to  spin- 
orbit  (  J-j)  coupling.'*  For  yttrium  atoms,  the  areal  ratio 
of  the  doublets  due  to  3dvi  -  ^<^vj  line  splitting  is  in  the 
ratio  of  their  respective  degeneracies  (2/  +  1 )  and  equal  to 
I  5  In  the  naturally  aged  condition,  the  5/2-3/2  spin-orbit 
spill  components  of  the  Y  id  peak  were  in  the  areal  ratio  of 
I  3.  close  to  the  theoretical  value  The  doublets  were  sep¬ 
arated  by  2  0  eV,  close  to  the  value  reported  for  YjO).” 
Figure  4(b)  shows  that  the  O  Ir  photoelectron  spectrum 
near  the  film/air  interface  consists  of  a  mam  peak  with  a 
shoulder  centered  at  2  6  eV  higher  binding  energy.  The 
main  O  Ir  peak  is  attributed  to  O  bonded  to  Y  in  amor¬ 
phous  yttna  and  the  shoulder  is  attnbuted  to  physisorbed 
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Fig  *  Core  clecirofl  binding  energy  tpectri  for  s  nsiurslly  *fcd  ytina  film  (*)  Y  )dind  (b)  O  lj  phoioeleciron  peskt.  tsken  ii  12  nm  from  ihe  film/eir 
interface;  (c)  Y  )d  and  (d)  O  It  photoclectron  peaks,  uken  at  22  nm  from  the  film/air  interface 


O]  and  hydrated  O  species  bonded  to  Y,  as  in 
Y(OH)).'*  Figure  4(d)  shows  that  the  O  Is  peak  shoulder 
intensity  has  decreased,  indicating  that  the  number  of  phy> 
isorbed  and  hydrated  oxygen  species  have  decreased. 

Figures  S  and  6  how  the  Y  3d  and  O  Is  photoelectron 
peaks  of  material  annealed  for  I  and  72  h.  respectively. 
From  Figs  5(a)  and  5(0.  it  can  be  seen  that  at  both 
depths  within  the  film,  the  5/2  and  3/2  components  of  the 
Y  id  peak  show  a  loss  of  resolution  compared  to  the  nat¬ 
urally  aged  material.  XRO  and  microscopy  data  show  that 
a  partial  phase  change  occurs  after  short  term  annealing 
(0.5  h).  resulting  in  a  two-phase  material;  an  amorphous 
matrix  +  a  nanocrystalline  second  phase.  The  loss  of  res¬ 
olution  observed  in  the  Y  3d  components  after  a  I  h  anneal 
IS  attnbuted  to  the  fact  that  both  crystalline  and  amor¬ 
phous  yttria  have  a  Y  3d  doublet,  but  at  slightly  different 
energies  A  companson  of  Figs.  6(a)  and  6(c)  with  5(a) 
and  S(c)  shows  that  there  is  no  further  loss  of  resolution  in 
the  Y  3d  peak  components  with  increasing  annealing  time. 
This  result  is  consistent  with  XRD  results  showing  no  fur¬ 
ther  crystallization  after  a  0.5  h  anneal. 

A  companson  of  Fig.  4(b)  with  3(b)  and  Fig.  4(d) 
with  5(d)  shows  that  the  O  Is  peak  shape  does  not  change 
with  annealing  for  1  h  at  either  12  or  72  nm  rom  the 
film/air  interface.  However,  a  large  change  in  the  O  Ir 
peak  shape  occurs  at  both  depths  within  the  film  sAer 
annealing  for  72  h.  as  seen  by  companng  Figs.  5(b)  and 
5(d)  with  Figs.  6(b)  and  6(d).  The  full  width  at  one 
half-maximum  intensity  of  Ihe  main  O  Ir  peak  doubles  and 
the  shoulder  disappears.  The  fact  that  no  Si  appean  in  the 
spectrum  at  12  nm  from  the  film/air  interface  leads  us  to 
conclude  that  Si  diffusion  from  the  film/subtlrate  interface 


and  the  consequent  formation  of  Si  oxides  and/or  yttrium 
silicates  are  not  the  cause  of  O  Ir  peak  broadening. 

Instead,  we  looked  at  the  microstructural  transforma¬ 
tion  of  the  matrix  itself  into  granular  regions  to  explain  0 
Ir  peak  broadening  There  was  a  large  grain  boundary  area 
created  by  this  transformation,  with  a  surface  area-to-vol- 
ume  ratio  of  10  ^m  ~  O  bonding  at  the  grain  surface  may 
be  different  from  that  in  the  gram  interior,”  giving  rise  to 
the  increase  in  the  range  of  O  Ir  photoelectron  binding 
energy  values  observed  here. 

IV.  SUMMARY 

We  have  studied  the  response  of  amorphous  yttria  films 
grown  on  fused  silica  substrates  to  high  temperature 
(900*0  cyclic  annealing  for  up  to  145  5  h  We  combined 
applied  surface  science  and  bulk  analytical  techniques  to 
determine  changes  in  microstructure,  crystallization,  opti¬ 
cal  absorption  behavior,  and  chemistry  concurrent  with 
annealing.  The  following  conclusions  are  drawn  from  this 
time-at-temperature  study; 

( I )  Short-term  annealing  resulted  in  limited  crysta.'liza- 
tion.  Nanocrystallites  were  formed  in  localized  clusters 
(globules)  within  the  amorphous  yttna  matrix  after  0  5  h 
at  900  *C.  No  change  in  the  fundamental  optical  absorption 
edge  occurred  at  this  stage  of  annealing  because  the  globule 
dimensions  were  an  order  of  magnitude  larger  than  the 
wavelength  of  the  incident  radiation.  XPS  data  showed  a 
lots  of  resolution  of  the  5/2- 3/2  spin  states  of  the  Y  d 
photoelectron  peak.  This  result  wu  attnbuted  to  the  su¬ 
perposition  of  different  contnbutions  from  the  amorphous 
and  nanr«rystalline  components  in  the  film.  No  further 
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B.E.  (eV) 


FiO  5  Core  ticctron  binding  energy  )p«ctra  for  a  yllni  film  air  annealed  Tor  I  hal  900*0  (a)  V  }dand(blO  It  pnoioeleciron  peaks,  taken  at  12  nm 
from  ihe  blm/air  interface,  (cl  V  Id  and  (dl  O  Is  photoelectron  peaks,  taken  at  72  nm  from  the  lilm/air  interface 


crystallization  was  observed  after  a  cumulative  anneal  for 
1.5  h. 

(2)  Annealing  for  longer  than  1.5  h  resulted  in  a  change 
in  Ihe  microsiructure  of  ihe  matrix  itself,  granular  regions 
with  distinct  boundaries  developed  A  large  increase  in  op¬ 


tical  absorption  in  the  3-5  eV  range  (413-248  nm)  accom¬ 
panied  granulanzation.  This  effect  was  attributed  to  scat- 
tenng  by  the  grains,  whose  diameter  was  the  same  order  of 
magnitude  as  the  wavelength  of  the  incident  radiation. 
XPS  data  showed  that  there  was  no  further  change  m  the 


B.E.  (eV) 


F«0  6  Core  electron  binding  energy  spectra  Tor  a  vttn*  film  air  annealed  for  ^2  h  at  *C  <a  I  Y  3d  and  (b|  O  It  photoelectfon  peak<.  taken  at  12 
ntn  from  the  fiim/air  interface  ic  i  Y  and  tdl  O  It  photoetectrnn  peak^.  taken  at  72  nm  from  the  film/air  interface 
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Y  id  photoefectron  binding  energy  peak  shape.  However, 
the  width  of  the  O  Ir  pholoelectron  binding  energy  peak 
doubled  A  large  grain  boundary  area  was  created  by  the 
granularization  of  the  matnx.  We  suggest  that  O  bonding 
at  the  grain  surface  may  be  different  from  that  in  the  grain 
interior,  giving  rise  to  the  increase  in  the  range  of  O  Is 
photoelectron  binding  energy  values 

(3)  An  important  technological  result  that  emerged 
from  this  study  was  that  Si  did  not  diffuse  from  the  inter- 
facial  region  into  the  him.  even  after  long-term  annealing, 
demonstrating  yttria  s  potential  use  as  a  high  temperature 
diffusion  barner  for  metal-on-Si-based  ceramic  applica¬ 
tions 
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Kinetics  of  morphological  change  during  anneaiing  of  amorphous 
yttria 

S.  N.  Mukherjee  and  C.  R.  Aita 

Materials  Department,  University  of  Wiseonsin-Milwaukee.  Milwaukee,  Wisconsin  53201 
(Redcved  30  December  1991;  29  Febnury  1992) 

We  report  a  time^t^temperature  study  of  air  annealing  at  700 ’C  of  amorphous  yttria  films 
sputter  deposited  on  fus^  silica.  The  resulu  show  that  crystallization  was  limited  (7%).  A 
striking  morphological  change  involved  the  formation  of  2.S  /rm-maximum  diameter  globules. 
By  comparing  changes  in  globule  number  with  maximum  diameter,  the  time-at*temperaturc 
ranges  for  which  nucleation  +  growth  artd  growth  +  coarsening  processes  occurred  was 
determined.  The  globule  fomution  rate  initially  followed  an  Arrhenius  curve:  dNy/dt 
=>  (4  X  lO’/ocslexpC  —  0.28  X  10~V$}r].  The  activation  energy  fstimated  for  globule 
formation  was  close  to  that  for  Y  diffusion  in  yttria. 


Technological  interest  in  amorphous  yttria  films  is  based 
on  their  diverse  use  as  capacitors,  protective  coatings  for 
high  power  density  laser  optics,  corroaion-inhibiting  lin¬ 
ings  for  magnetic  fuskm  reactors,  and  high  temperature 
diffusion  barrier  layers  for  metal-on-silicon-based  ceramic 
systems. In  all  of  these  applications,  the  film  is  subjected 
to  cyclic  heating.  It  is  thmforc  important  to  understand 
the  material's  time-at-temperature  response  to  annealing, 
with  particular  attention  to  stability  of  morphology  and 
resistance  to  crystallization. 

In  a  recent  article,’  we  reported  the  high  temperature 
(900*0  air-annealing  behavior  of  yttria  films  on  silica. 
Two  major  morphological  changes  occurred.  ( 1 )  Spherical 
precipitates  (globules)  formed  in  the  amorphous  yttria 
matrix  aAer  a  short  time  at  temperature.  (2)  Further  an¬ 
nealing  caused  roughening  or  “granularization”  of  the  ma¬ 
trix,  i.e.,  breaking  up  into  regions  separated  by  distinct 
boundaries.  In  the  present  article,  we  examine  the  effect  of 
lowering  the  annealing  temperature  on  crystallization  and 
morphological  changes. 

A  140  nm-thick  amorphous  yttria  film  was  grown  on 
unheated  Suprasil  fused  silica  substrates  by  rf  diode  sput¬ 
tering  a  99.8%  Y  target  in  a  Ne-20%  Oj  discharge  oper¬ 
ated  at  1.0  kV^^  as  previously  described.*  The  film  “aged” 
for  one  year  at  room  temperature  in  laboratory  air  before 
air  amiealing  at  7(X)  *C  for  cumulative  lengths  of  time,  r,  of 
0.3,  1.5,  23.5,  73.3,  and  143.3  h.  Afler  each  anneal,  the  film 
was  withdrawn  from  the  furnace,  cooled  in  air,  and  exam¬ 
ined  u  follows.  Morphology  was  observed  with  an  optical 
microscope  with  a  resolution  of  ~  100  nm.  Crystallogra¬ 
phy  was  determined  by  double-angle  x-ray  diffraction 
(XRO)  using  unresolved  QuK^  radiation  (A » 0.1342 
nm).  XRD  peak  intensity,  position  (29^0.02*),  and  full 
width  at  one  half  of  the  maximum  intensity  were  mea¬ 
sured.  The  interplanar  spacing  d  was  from  the 

Bragg  relationahip  for  first  order  diffracoon:  A  «  sin  9. 


Crystallization:  After  annealing  for  0.3  h,  two  weak, 
broad  diffractioo  peaks  were  detected,  oonesponding  to 
|222|  and  f440|  planes  of  the  cubic  bixbyte-type  yttria 
lattice.  Peak  intensity  was  7%  of  that  obtained  from  a 
crystalline  yttria  film  of  the  same  thickness.  Interplanar 
spacing  was  found  to  be  d(222|  0.304  nm  and  d(440) 

« 0.187  nm,  equal  to  thm  for  uasttessed  bulk  cubic 
yttria.’  There  was  no  ftuther  change  in  intensity  or  angle 
upon  subsequent  annealing,  even  after  a  cumulative  time  of 
143.5  h,  showing  that  crystallization  was  limited. 

Morphology:  Before  annealing,  the  films  were  feature¬ 
less  down  to  the  resolving  power  of  the  microscope.  After 
0.3  h  at  temperature,  globules  fonned  in  the  featureless 
matrix.  A  micrograph  taken  after  a  23.3  h  anneal  is  shown 
in  Fig.  I.  Unlike  a  9(X)*C  anneal,’  no  granularization  or 
other  features  were  observed  in  the  matrix,  even  after  143.3 
h. 

An  areal  counting  method  was  used  to  measure  the 
number  of  globules/area  [yVJ  and  the  diameter  of  the  larg¬ 
est  globule  was  measured  by  linear  intercept  The 
number/volume  [IV,,]  was  obtained  using  the  following 
expression:' 

Nr~Ne/2Jl^.  (1) 

2Ji^  is  shown  as  a  function  of  log  r  in  Fig.  2.  Sy, 
calculated  from  Eq.  ( I ),  is  shown  in  Fig.  3  as  a  function  of 
I.  The  point  on  tliis  curve  lying  against  the  jt  axis  corre¬ 
sponds  to  0.3  h  ( l.Sx  lO’ s).  A  logarithmic  time  scale  was 
not  used  here  because  we  wanted  to  show  the  functionality 
of  Ny(t).  It  can  be  seen  that  the  number  of  globules  ini¬ 
tially  increases  rapidly  as  a  function  of  annealing  time, 
then  less  rapidly,  and  finally  decreases.  The  functionality  of 
Syii)  is  characteristic  of  a  distribution  of  second  phase 
particles  which  nucleate,  grow,  and  finally  coarsen  at  the  | 
expense  of  smaller  neighbors.*  The  dominant  operative 
processes  before  the  Nr  versus  r  curve  reaches  itt  maxi- 
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FlO.  I.  Aa  ogucal  aicroiraph  of  «  yttna  film  annealed  m  air  at  700  *C  for 
U.fih. 

mum  are  nuckation  and  growth  of  nuclei  to  supercritical 
size.  After  the  maximum,  growth  and  coarsening  domi¬ 
nate.  A  comparison  of  Figs.  2  and  3  shows  that  R^U) 
increases  sharply  as  Ny{t)  decreases,  suggesting  that 
coarsening  is  occurring. 

The  globule  formation  rate,  dSy/dt,  was  determined  by 
tailing  the  instantaneous  slope  at  five  points  on  the  Sy 
versus  /  cur  e  for  f<55.5  h  (2x  10^  s),  i.e.,  in  the  region  in 


Fio.  1.  The  diameter  of  the  lar|«i  {lobule  aa  a  function  of  anncai- 
in(  lime  (. 


t  [105  S] 

FlO.  J.  The  number  of  (iobtilcn/volume  S,u%  iuocttaa  of  annealing 
time  t. 

which  the  number  of  supercritical  size  globules  increases 
with  t.  These  data,  shown  in  Fig.  4(a)  as  a  function  of  f, 
follow  an  Arrhenius  curve  typical  of  diffusion-controlled 
kinetics'*’ 

dNy/dt  =  A  exp(  —  kt).  (2) 


t  (103  si 


Fk).  4.  (a)  Globule  formaiion  rale  dSy/dt  m  a  function  of  annealing 
lime,  f  The  rolid  curve  repremnn  df/y/dt  «  (4  x  lO’/cct) 

xeap((  -  0.21  X  10'  */«)«)  delermined  from  (b)  In  (dNy/dt)  vi  i. 
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t  (10S  s| 


FiC.  S  The  muimum  voluaic  fiactioo  of  material  tnnsfonned  into  glob¬ 
ules  Xv'fi  annealing  tunc  t. 


A  graph  of  In  [dNy/di\  versus  /,  shown  in  Fig.  4(b),  yields 
.4  =  4x  10^/cc s  and  ilc  s 0.28X  10“  Vs. 

The  activation  energy  Q  for  globule  formation  was  esti¬ 
mated  by  combining  dau  for  700  and  900  *C  ( Ref.  1 1 )  and 
using  the  following'^: 

-  [Q/R][{l/Tt)  -  (l/rj)l  =ln(Vf,).  (3) 

where  T,  =  900  *C  ( 1 173  K)  and  Tj  =  700  ’C  (973  K).  r, 
and  >2  are  the  times  at  which  N y  reaches  a  maximum  at 
each  temperature;  r,<0.5  h  (1.8x10^  $)  at  900 *C,"  and 
fj  =  -55.5  h  (2X 10*  s)  at  700 'C  (Fig.  3).  Substitution  of 
these  values  into  Eq.  (3)  yields  G  =  53  kcal/mot  (2.31  eV) 
using  /,  =  0.5  h;  and  using  a  very  small  value  for  r,:  0.05  h, 
G=  79  kcal/mol  (3.45  eV).  If  globule  formation  is  con¬ 
trolled  by  diflfusion  of  a  single  species,  then,  from  the  above 


calculation,  we  conclude  that  the  activation  energy  is  close 
to  that  for  Y  diffusion  in  bulk  crystalline  yttria,  G  =  3.48 
eV.‘* 

Last,  the  maximum  volume  fraction  of  material  trans¬ 
formed  into  globules  Xy  was  determined  using 
(41r/l^,„)/3)iV^..  These  data,  presented  in  Fig  5  as  a 
function  of  i,  show  that  18%  of  the  matrix  was  trans¬ 
formed  into  globules  after  145.5  h  at  temperature. 
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Cyclic  annealing-induced  microstructural  and  crystallographic  changes 
in  crystalline  yttria  films  on  silica 
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A  cyclic  air-annealing  study  of  crystalline  yttria  films  sputter  deposited  on  fused  silica  is 
reported  here.  The  results  show  major  microstructural  instability  after  a  short  time  (0.5  h)  at 
temperature  (700*0,  involving  localueil  stress  relief  as  the  film  undergoes  biaxial 
compression  — tension  during  a  heating— cooling  cycle.  Long-term  cyclic  annealing  causes 
delamination  by  interfacial  bubble  formation  and  explosion.  Accompanying  crystallographic 
changes  are  discussed.  The  results  are  compared  with  those  for  amorphous  yttria-on-silica,  in 
which  stress  relief  is  entirely  bv  hillock  formation,  growth,  and  coalescence. 


Very  large  scale  integration  (VLSI)  architecture  calls  for 
high  dielectric  constant  {()  thin  film  insulators.'  Yttria. 
with  6=  13-17,^''  compared  to  3.9  for  SiO,.  is  a  good 
candidate.  Processing  of  insulating  films  in  VLSI  applica¬ 
tions  often  involves  heating,  as  both  postdeposition  anneal¬ 
ing  in  a  controlled  environment  to  further  increase  f,*  and 
cyclic  heating  dunng  device  operation.  Therefore,  micro- 
structural  and  crystallographic  integrity  of  a  pi  .pcctive 
insulator  is  of  major  concern. 

Amorphous  stoichiometric  yttria  films  sputter  deposited 
on  silica  were  found  to  be  suble  after  cyclic  air  annealing 
at  500  ‘C.’  Cyclic  air-annealing  at  higher  temperature,  in 
the  700-900  *C  range, showed  that  crysullization  was 
limited.  However,  several  microstructural  char.<e$  oc¬ 
curred,  the  most  pronounced  of  which  was  the  nucleation. 
growth,  and  coalescence  of  globules  in  an  otherwise 
smooth  matrix  of  material.  An  Arrhenius  curve  for  the 
globule  formation  rate  yielded  an  activation  energy  in  the 
range  of  2.31-3.45  eV. 

Here,  we  report  the  effect  of  cyclic  air  annealing  on 
crystalline  yttria-on-$ilica  for  up  to  145.5  h  (5.24x  lO’ s) 
at  700  ’C.  This  temperature  was  chosen  because  it  is  inter¬ 
mediate  between  one  ( 500  'O  at  which  no  microstructural 
change  occurred  and  another  (900*0  at  which  there  was 
total  disintegration  of  the  film  even  after  short  term 
annealing.’  The  microstructural  changes  reported  below 
associated  with  stress  relief  in  crystalline  yttria  are  different 
than  those  in  the  initially  amorphous  material,  and  involve 
hillock  formation,  tearing,  interfacial  bubble  formation, 
and  bubble  explosion. 

The  crystalline  yttria  films  were  grown  as  previously 
described*'**’  near-room  temperature  on  Suprasil  II  fused 
silica  substrates.  A  rf  diode  apparatus  was  used  to  sputter 
a  99.8%  Y  Urget  in  a  1 X  10  "  ’  Torr,  Ar-20%Oi  discharge 
operated  at  —  1.5  kV  (peak-to-peak).  The  films  had 
“aged"’  for  one  year  at  room  temperature  in  laboratory  air 
before  the  annealing  study  was  begun. 

The  films  were  annealed  in  air  at  700  *C  for  cumulative 
time  periods  of  0.5  h  ( l.8x  lO*  s),  l.Sh  (5.4x  10’ s),  25.5 
h  (9.18x10*  s).  73.5  h,  (2.65x10’  s)  and  145.5  h 
(5.24X  lO’ s).  After  each  peiiod.  the  film  was  withdrawn 
from  the  furnace,  cooled  in  air,  and  examined.  Optical 
(OM)  and  scanning  electron  (SEM)  microscopy  were 


used  to  observe  microstructural  changes.  Because  of  the 
insulating  nature  of  both  film  and  substrate,  sample  charg¬ 
ing  was  a  major  problem  in  the  SEM.  The  samples  were 
therefore  coated  with  carbon  to  improve  conduction  before 
examination. 

Crystallography  was  determined  by  double-angle  x-ray 
diffraction  (XRD)  using  unresolved  CuATa  radiation  (A 
=  0.1542  nm).  The  diffractometer  was  calibrated  using 
the  (01. 1 )  diffraction  peak  of  a  polycrystalline  quartz  stan¬ 
dard  at  20  =  26.66:^0.02*  whose  width  wa«  0.26*.  XRD 
maximum  peak  intensity,  position  (204:0.02*),  and  full 
width  at  one-half  of  the  maximum  intensity  (FWHM) 
were  measured.  The  interplanar  spacing  d  was  calculated 
from  the  Bragg  relationship  for  first  order  diffraction:  A 
=  2d  sin  0.  The  minimum  crystallite  size  Z>  was  calcu¬ 
lated  using  the  Scherrer  equation:"  =  0.9A/ff  cos  0, 
where  B  is  the  peak  width  corrected  for  instrumental 
broadening. 

Microstructure:  Before  annealing,  the  film  had  a  smooth, 
featureless  surface.  Annealing  for  0.5  h  resulted  in  the  for¬ 
mation  of  holes  over  the  entire  surface,  as  shown  in  Fig.  I . 
Adjacent  to  many  of  the  holes  were  flakes,  irregularly 
shaped  pieces  of  maienal  that  appeared  to  have  been 
pushed  out  of  the  him,  as  shown  in  the  insert  in  Fig.  1.  The 
density  of  holes  -t-  Rakes  was  —  5  X  IO*/cm’.  This  mor- 
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FiO.  2.  OM  im^ge  of  a  crystalline  ytina  film  on  fused  silica  annealed  in 
air  at  700  "C  for  25.5  h  showing  a  circular  region  in  which  delamination 
has  assumed. 


flake 


hole 


lilm  m  tension 


substrate 


FlO.  }.  (a)  OM  image  of  a  crystalline  viina  film  on  fused  silica  annealed 
in  air  at  700 ’C  for  145  5  h  showmc  «  olargement  and  esplosion  of  the 
circular  region  tb)  SEM  im-ice  csploded  morphology. 


Fig.  4.  .\  drawing  showing  the  effect  of  cyclic  annealing  on  biaaial  stress 
in  the  film,  and  the  formation  of  (a)  mounds  upon  heating  from  25  to 
'0O*C,  and  (b)  holes  +  flakes  upon  cooling  down  700  to  25  ’C. 


pbology  did  not  change  afler  a  I  s  h  anneal.  Increasing  the 
annealing  time  to  25. 5  h  brought  about  an  additional 
change:  large  circular  regions  ( ~  140  /im  average)  formed 
in  which  the  him  delaminated  from  the  sub<*ntte  (Fig.  2). 
AAer  14S.5  b,  the  circular  regions  enlargbs.i  (>-160  jum 
average)  and  exploded  [Figs.  3(s)  and  3(b)). 

The  hole  +  flake  morphology  can  be  understood  in 
terms  of  the  difference  in  the  thermal  expansion  coefficients 
of  yttria  [8xl0"‘  mm/(inm*C))  and  fused  silica 
(0.55 X 10“  ‘  mm/(mm  *C)).  A  thin  film  with  a  larger  co- 
efficient  of  thermal  expansion  than  that  of  the  substrate  is 
subjected  to  biaxial  compression  parallel  to  the  substrate 
plane  during  heating.  The  residual  stress  in  the  film  upon 
heating  from  25  to  700 *C  was  calculated  from'^ 

<Py  =  £’sfYi^®A7’/{(  1  —  V)  [ffj  +  2E\(ty/t^) )}.  ( 1 ) 

where  and  Ey  are  the  Young's  moduli  of  fused  silica 
and  yttria.  respectively,  Aa  is  the  difference  between  the 
thermal  expansion  coefficients  of  yttria  and  fused  silica,  AT 
is  the  difference  between  annealing  temperature  and  room 
temperature,  v  is  the  Poisson's  ratio  of  yttria,  and  ty  and  (g 
are  the  thickness  of  the  film  (70  nm)  and  substrate,  respec¬ 
tively.  The  bulk  material  constan»  at  ambient  temperature 
were  used.  The  calculated  residual  stress  in  the  him  is 
huge.  ~  1250  MPa. 

Stress  relaxation  occurs  upon  heating,  but  thb  can  be  on 
a  local  scale,  analogous  to  hillock  formation  in  low  melting 
point  metal  hims  heated  from  liquid  nitrogen  at  room 
temperature.'^  Localized  stress  relaxation  is  the  driving 
force  for  atomic  flux  to  regions  of  lower  compressive  stress. 
A  mound  forms,  as  schematically  shown  in  Fig.  4(a). 
Mounds  are  stress-free  or  tensile-stressed  regions  present  in 
the  films  at  700  ’C, 

During  the  rapid  cooling  part  of  the  cycle,  the  him  is 
under  biax'.al  tension  because  it  shrinks  faster  than  the 
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Table  I.  X-ray  diffraction  for  annealed  yttru-on-silica. 


Cycle 

Anneal 
time  (h) 

‘(.'2I 

(nm)* 

I  ** 

'•w** 

FWHM' 

(deg) 

Crystallite 
site  u  (nm) 

1 

0 

0  307 

100*27 

0.91 

12.7*0.4 

2 

0.5 

0306 

160*7 

0.65 

21  1*1.1 

3 

1.5 

0.306 

186*24 

065 

21  2*1  1 

4 

25.5 

0  306 

199*23 

0.59 

24.9*1  6 

5 

73.5 

0.306 

182*8 

0.58 

25.7*1  7 

6 

145.5 

0.305 

192*  14 

0.57 

25.7*1.7 

•iO.OOl  nm. 
‘Arbitrary  units. 

‘±oor. 


substrate.  The  mound,  because  of  its  reduced  compressive 
stress  at  higher  temperature,  is  in  a  greater  state  of  tension 
than  the  surrounding  matrix  upon  cooling.  Tearing  (hole 
formation)  either  within  the  mound  or  at  the  mound/ 
matrix  interface  occurs,  as  schematically  shown  in  Fig. 
4(b).  We  propose  that  the  flakes  associated  with  holes  in 
the  room  temperature  microstructure  after  cyclic  anneal¬ 
ing  are  debris  formed  from  the  mounds  themselves. 

The  process  of  mound  formation  at  high  temperature 
described  here  is  equivalent  to  the  previously  described 
globule  formation  in  amorphous  yttria.’  Even  the  density 
of  holes  in  amorphous  yttria  and  globules  in  crystalline 
yttria  is  approximately  the  same.  In  amorphous  yttria, 
however,  no  film  tearing  occurs  upon  cooling,  and  the 
globules,  or  hiUocks,  grow  during  the  next  temperature 
cycle.  Globule  growth  appears  to  be  frustrated  in  crystal¬ 
line  yttria  by  tearing  of  the  film  upon  cooling;  stress  relief 
during  extended  heating  occurs  by  delamination. 

Crystallography:  X-ray  difiraction  data  presented  in  Ta¬ 
ble  I  show  that  the  naturally  aged  film  had  a  preferred 
(111)  orientation,  as  evidenced  by  a  single  diffraction  peak 
corresponding  to  {222}  planes  of  the  cubic  bixbyite-type 
yttria  lattice.  The  interpianar  lattice  spacing  (d)  was  0.307 

0.001  nm,  greater  than  that  (0.304  nm)  for  unstressed 
bulk  yttria.'* 

There  was  no  change  in  the  preferred  (111)  orientation 
after  annealing  for  145.3  h.  The  maximum  intensity  of  the 


{222}  diffraction  peak  increased  after  annealing  for  O.S  h, 
indicating  better  alignment  with  the  substrate  normal,  and 
then  became  constant  within  experimental  error.  Anneal¬ 
ing  had  no  effect  on  the  lattice  spacing  up  to  73.5  h  ivhich 
equaled  the  bulk  value  after  145.5  h.  llie  peak  width 
(FWHM)  decreased  significantly  from  0.91*  to  0.65*  after 
a  O.S  h  anneal.  Subsequent  annealing  resulted  in  a  marginal 
decrease  of  FWHM.  The  minimum  crystallite  size,  calcu¬ 
lated  from  {222}  reflections  was  12.74:0.4  nm  before  an¬ 
nealing  and  increased  to  21. 1  ^  1 . 1  nm  after  a  O.S  h  anneal. 
Increasing  the  annealing  time  up  to  14S.S  h  resulted  in  a 
minimum  crystallite  size  of  2S.7  ±  1.7  nm.  A  comparison  of 
microstructural  and  crystallographic  changes  shows  that 
the  orientation  of  crystallites  improves  as  a  response  to 
annealing,  at  the  expense  of  the  film’s  mechanical  integrity. 
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KOLAWA* 

Mattrtals  Department.  University  of  Wisconsin—  Mtivauket.  PO  Box  ?S4.  Milwaukee.  W!  33201 

fU.S.A  I 


Films  were  grown  by  r.f.-exc*ted  reactive  sputter  deposition  on  <lll>-cut 
silicon  substrates  using  a  vanadium  target  and  Oj-bearing  discharges  containing 
0%-98%  argon  operated  at  four  values  of  cathode  voltage.  The  41 1 1.6  A  emission 
line  intensity  from  neutral  excited  vanadium  atoms  in  the  discharge  was  monitored 
by  optical  spectrometry,  and  these  data  were  used  to  detect  target  surface  oxidation. 
The  region  of  cathode  voltage-gas  Oj  content  space  over  which  crystalline  vanadia 
was  produced  was  defined.  All  crystalline  vanadia  grew  with  vanadyl  oxygen  layers 
oriented  parallel  to  the  substrate  {b  axis  normal).  The  interlayei  spacing  b  varied 
from  less  than  to  greater  than  ho>  the  value  for  bu'k  vanadia.  An  oxidized  target 
surface  was  a  requirement  for  an  interlayer  spacing  6  >  ho  hut  not  a  guarantee  of  it. 
As  the  cathode  voltage  decreased,  the  critical  gas  content  at  which  the  target 
surface  became  oxidized  was  shifted  to  lower  values  and  the  critical  gas  O;  content 
at  which  b>  hg  was  shifted  to  higher  values,  opening  up  a  region  in  which  crystalline 
vanadia  with  h  <  ho  and  short-range  order  vanadia  were  produced  from  an  oxidized 
target  surface. 


1.  INTRODUCTION 

Vanadia,  chemically  V2O5,  is  a  wide  band  gap  semiconductor  at  room 
temperature  with  an  orthorhombic  lattice  structure  with  bulk  parameters 
=  I  I.5I9  A,  ho  =  4.373  A  and  Cq  =  3.564A'.  The  extended  space  lattice  consists  of 
alternating  layers  of  vanadium  plus  oxygen  atoms  and  oxygen  atoms  (vanadyl 
oxygen)  alone  oriented  parallel  to  the  h  axis  or  <010>  crystallographic  direction*"’ 
as  shown  in  Fig.  1.  Bonding  along  the  <010>  direction  is  weak*.  The  interlayer 
spacing  h  of  sputter-deposited  vanadia  was  previously  found  to  vary  as  a  function  of 
Ar-Oj  discharge  composition’"' '  and  this  variation  was  related  to  defects  in  the 
vanadyl  oxygen  layer'*. 

Vanadia  is  an  interesting  technological  material.  Differences  in  the  interlayer 
spacing,  reflecting  differences  of  atomic  arrangement  in  the  vanadyl  oxygen  layer. 


*  Pennanent  addren:  California  Intiituu  of  Technology,  Pasadena.  CA  91 12S,  U.S.A. 
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Fig  1  lAl  The  elTeciive  fivefold  cmvrdmauon  of  vanadium  with  oxygen  in  ihe  perfect  vanadia  lattice 
Dark  circles  represeni  vanadium  atoms:  white  e.re'es  represent  oxygen  atoms.  Ov.  vanadyl  oxygen.  0(, 
chain  oxygen;  O,.  bridge  oxygen  Bond  lengths  are  shown  in  angstroms  Ibl  A  projection  of  the  !00l  [ 
plane  icl  One  possible  type  of  atomic  disorder  that  alTecis  ihe  interlayer  spacing  h  a  vanadyl  oxygen 
vacancy  (From  ref  I’l 


lead  to  materials  for  difTermt  applications.  Bulk  and  thin  him  vanadia  with  vanaoyi 
oxygen  vacancies  ih  <  ho) have  historically  been  used  as  an  oxidation  catalyst''’  “. 
The  optical  transmission  characteristics  of  thin  film  vanadia  with  b  >  make  it 

a  candidate  for  a  solar  cell  window.  In  addition,  vanadia.  like  other  vanadium 
oxides,  undergoes  a  semiconductor-«metal  phase  transition,  apparently  independ¬ 
ent  of  crystallographic  order  A  transition  was  measured  in  amorphous  vanadia 
films  from  a  resistivity  change  at  525-535. »  and  thermally  activated  electronic 
switches  were  fabricated'^  Very  recently',  a  semiconductor -.metal  phase  tran¬ 
sition  was  measured  in  crystalline  vanadia  films  at  531  K  (film  6  in  the  present  ..tudy). 

We  examine  below  the  effect  of  Ar-O-  gas  composition  at  four  values  of 
cathode  voltage  on  the  crystallography  of  sputter-deposited  vanadia.  Gas  compo¬ 
sition  and  cathode  voltage  are  independent  process  parameters.  The  goal  is  to 
determine  III  the  field  in  cathode  voltage-gas  composition  space  within  which 
vanadia  with  long-range  crystallographic  order  is  produced  and  (2|  the  change  in 
vanadia  interlayer  spacing  within  this  field. 
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2  EXPERIMFSTAL  prcxedure 
J.l.  Film  growth 

A  liquid-N  ,-v:old-trapped.  hot-oil-diffusion-pumped.  r.f. -excited  planar  diode 
sputter  deposition  system  was  used  to  grow  the  films.  The  target  was  a  99.7“„ 
vanadium  disc  12.7cm  in  diameter  bonded  to  a  water-cooled  copper  cathode  The 
substrates  were  <111  >-cut  silicon  wafers  placed  on  a  water-cooled  copper  anode. 
The  anode-cathode  spacing  w  as  5  cm. 

The  chamber  was  evacuated  to  6.65  x  10  *  Pa  (5  x  10  ^Torr)  before  back¬ 
filling  with  sputtering  gas.  With  a  shutter  covering  the  substrates,  a  two-step  pre¬ 
sputter  procedure  was  carried  out  in  which  the  target  was  sputtered  in  argon  for 
20  min  and  then  for  an  additional  20  min  in  the  Ar-02  gas  mixture  used  for  the 
actual  deposition,  after  which  the  shutter  was  opened.  The  total  gas  pressure  was 
measured  with  a  capacitance  manometer  and  kept  constant  at  1.33  Pa 
(IxlO  ’Torr).  99,999‘*„  pure  argon  and  99  997“^  pure  Oj  were  used.  Each 
component  was  introduced  separately  into  the  sputtering  chamber.  Ar:0,  ratios 
from  0:100  to  98  2  were  established  using  an  MKS  Baratron  Series  260  control 
system.  Model  258  flow  transducers  and  Model  248A  solenoid  control  valves.  The 
pcak-to-peak  cathode  voltage  was  varied  from  -1.4  to  -2.0kV.  Specific 
deposition  conditions  arc  recorded  in  Table  I 

In  a  separate  experiment  a  model  HR320  Instruments  SA  optical  spectrometer 
capable  of  0  5  A  resolution  was  used  for  optical  emission  discharge  diagnostics. 
Radiation  emitted  from  the  region  between  the  anode  and  cathode  was  sampled  as  a 
function  of  wavelength  through  a  window  with  a  transmission  cut-olT of  3.2  kA.  The 
window  was  shuttered  when  not  in  use  and  was  also  penodically  removed  from  the 
chamber  and  its  transmission  characteristics  checked  by  spectrophotometry  for 
intensity  changes  caused  by  coating  with  sputtered  flux  during  the  experiment.  The 
emission  intensity  /(V*)  from  an  optical  transition  of  the  neutral  vanadium  atom  at 
/.  =  4111. 6A  was  monitored''*.  Changes  in  /(V*l  are  related  to  changes  in  the 
number  of  vanadium  atoms  in  the  discharge  and  to  the  formation  of  an  oxide  layer  at 
the  target  surface'*. 

2.2.  Post-depasition  film  analvsi.% 

The  film  thickness  was  determined  using  a  profilometer  to  measure  the  height 
of  a  step  produced  by  masking  a  region  of  the  substrate  during  deposition.  The 
growth  fate  was  determined  by  dividing  thickness  by  deposition  time.  Film 
thickness  and  growth  rate  arc  recorded  in  Table  I. 

The  crystallography  was  determined  by  double-angle  X-ray  diffraction  (XRD) 
ciing  CuKx  radiation  (/.  *  1.5418  A).  The  peak  position  [20\  intensity  and  full 
width  at  half  maximum  intensity  (FWHMi  were  measured.  The  diffractometer  was 
calibrated  using  the  [0101 J  diffraction  peak  of  a  quartz  standard  at  28  *  26.66 
±0.02  whose  width  is  0.18  Rutherford  backscattering  spectroscopy  (RBS)  using 
2  MeV  He^ '  ions  was  carried  out  on  selected  films  to  determine  the  relative  atomic 
concentration  of  vanadium  and  oxygen  ( ±  I0"„). 
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table;  I 

(  ONDITIOSS  I  «D  ro  SPl  TTK  W  «»SIT  V  4S/.DIA  ASO  VASADIl’M  OXlDt  ULMS  ON  <  I  I  1  '-Si 


Film 

( 'athmie  t  o/ruffc' 
t  -  kV> 

Gas  0, 

(/VoM  fh  role 
(Amin  ') 

Thickness 

ikK) 

I 

20 

2 

67 

30 

20 

4 

65 

2.9 

3 

20 

6 

56 

2.5 

4 

20 

10 

53 

2.4 

5 

20 

15 

44 

20 

6 

10 

25 

41 

19 

7 

20 

lUO 

34 

16 

H 

1  K 

61 

2.8 

1  8 

4 

47i9 

2.1  ±0  4 

10 

1  H 

6 

51 

2.3 

11 

18 

10 

44 

2.0 

12 

1  8 

15 

39 

17 

13 

1  8 

25 

27 

1.2 

14 

18 

100 

23 

10 

ts 

16 

S4±5 

2.4  ±0.2 

16 

1  6 

4 

47 

2.1 

17 

1  6 

6 

40 

1.8 

18 

1  6 

10 

38 

1.7 

19 

1  6 

15 

33 

1.5 

20 

1  6 

25 

24 

11 

21 

1  b 

l<» 

20 

09 

1 4 

2 

- 

— 

23 

1 4 

4 

- 

- 

24 

1 4 

b 

- 

25 

1 4 

10 

- 

lb 

1 4 

15 

Z1 

1 4 

25 

- 

- 

28 

1 4 

100 

- 

- 

3.  RESLl.rS 

The  r  f.  forward  power  and  growth  rale  arc  shown  as  a  function  of  gas  Oj 
content  in  (-  igs  2(al  and  2tbl  respectively.  Figure  2ic)  shows  /(V*)  as  a  function  of  gas 
Oj  content  for  different  values  of 

Two  types  of  crystallographic  results  were  obtained  by  XRD.  Films  either 
showed  diffraction  only  from  ;0I0|  vanadia  planes  |h  axis  normal  to  the  substrate! 
or  did  not  produce  a  diffraction  pattern.  The  latter  films  were  designated  “short- 
range  order  iSROl  vanadium  oxide"  The  region  of  cathode  voltage  gas  O  2  content 
space  over  whK.h  each  type  of  film  was  produced  is  shown  in  Fig.  3.  The  results 
previously  obtained"  by  sputtering  a  vpnadium  target  7  6cm  in  diameter  at 
-  2.2  k  V  are  included  in  Fig.  3.  The  interlayer  spacing  h  of  the  crystalline  films  was 
calculated  by  substituting  the  vanadia  1010]  XRD  peak  position  into  the  Bragg 
equation  for  first-order  diffraction,  a  «  2hsinff.  h.  FWHM  and  the  intensity  of  the 
vanadia  |0I0[  XRD  peak  are  shown  in  Figs.  4iah^c)  respectively  as  a  function  of 
gas  O;  content. 
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f  '  (ai  The  r  f  forward  power  in  the  diKharfK.  Ihl  ihe  Him  frowih  rale  and  Id  the  optical  emiMion 
intenviy  at  41 1 1  h  A  from  excited  neutral  vanadium  atomx  in  ihe  dixchar|e  as  a  function  of  fas  O, 
conieni  for  different  values  of  cathode  vollape 


I  n  a  preliminary  examination  of  the  him  chemistry.  R  BS  was  carried  out  or  four 
films  grown  at  -  I  6kV:  films  15  and  17.  which  are  SRO  vanadium  oxide,  and  hims 
18  and  20.  which  contain  crystalline  vanadia.  Tlie  results  show  that  within 
experimental  uncertainty  all  of  these  hlms  ciiemically  V  ]0,. 
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Fif.  }.  A  'phase  diagram'  in  gas  Oj  conlent-calhode  voltage  space  showing  regions  in  which  short- 
range  order  vanadium  oside  (triangles)  and  crystalline  vanadia  (ovals)  with  the  ft  axis  normal  to  the 
substrate  plane  are  formed.  The  solid  line  deAnes  (he  boundary  between  crystalline  and  non-crystalline 
phase  regions.  Curve  1 1 )  represents  the  gas  O,  content-cathode  voltage  coordinates  at  which  the  target 
surface  becomes  oxidized.  Curvei2)  represents  the  lowest  gas  O,  content  for  a  particular  cathode  voltage 
for  which  h  >  h„. 

4.  DISCUSSION 

4.1.  Growth  parameter.^  and  discharge  characteristics 

It  is  well  Known  that  when  a  metal  target  is  sputtered  in  an  Oj-bearing 
discharge  the  target  surface  may  become  oxidized.  In  general,  the  flux  sputtered 
from  an  oxidized  target  surface  consists  of  both  uncharged  metal  atoms  and  metal 
oxide  molecules  sputtered  intact'®.  In  the  case  of  the  V-O  system  studied  here,  the 
reduction  of  f(V*)  to  a  value  equal  to  the  background  noise  (approximately  120 
counts)  at  a  critical  gas  Oj  content,  as  shown  in  Fig.  21c).  indicates  that  vanadium 
atoms  are  no  longer  detectable  in  the  sputtered  flux.  Vanadium  is  transferred  from 
the  oxidized  target  surface  to  the  substrate  in  molecular  form  bonded  to  oxygen.  It 
can  also  be  seen  from  Fig.  2(c)  that  the  critical  gas  Oj  content  at  which  /(V*) 
vanishes  increases  with  increasing  F,.  This  phenomenon  has  been  reported  for  other 
target  materials  sputtered  in  argon  containing  small  amounts  of  Oj'*  and  is 
attributed  to  increased  dissociation  of  the  target  surface  oxide  under  bombardment 
by  more  energetic  Ar  *  ions  (the  majority  sputtering  species)  as  Kis  increased. 

It  can  be  seen  from  Fig.  2(a)  (hat  the  discharge  power  is  constant  for  all  values  of 
V,  from  100°.  argon  to  100°.  Oy,  indicating  that  the  deposition  apparatus 
impedance  remains  unchanged  even  after  a  target  surface  oxide  has  formed.  The 
enterion  of  a  target  surface  oxide  with  metallic  behavior  is  easy  to  satisfy  in  the  V-O 
system.  Several  vanadium  oxide  phases  are  metallic  conductors  (VO,  V  jO,.  V.O,  j) 
at  room  temperature",  and  even  semiconductor  phases  VOy  and  VyOs  undergo 
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Fig.  4.  Vanadia  crystallography:  |al  inierUycr  spacing  b,|b)  {010)  dilTnciion  peak  FWHM  and  (cl  {010} 
peak  maaimum  tnienaiiy  u  a  function  of  gas  O,  content  hr  diflerent  values  of  cathode  voltage. 

metallic  transitions  at  relatively  low  temperatures  (341  K'*  and  approximately 
S30K'^''*  respectively)  compart  to  the  temperature  probably  attained  locally  at 
the  target  surface  due  to  the  sputtering  process. 

It  can  be  seen  from  Fig.  i(b)  that  a  significant  decrease  in  growth  rate  occurs  as 
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the  sputtering  gas  Oj  content  is  increased  from  2?;  to  25° o,  the  precise  explanation 
for  which  is  left  for  future  determination.  In  general,  factors  responsible  may  include; 
(1)  a  decrease  in  the  sputtering  yield  due  to  the  formation  of  a  target  surface  oxide 
that  is  a  better  “barrier”  to  sputtering  by  Ar*^  than  vanadium  metal^^~^’  or  has  a 
lower  density  than  vanadium  metal^^  (2)  a  decrease  in  the  number  of  Ar*  species  in 
the  discharge^^;  and  (3)  the  more  efficient  sputtering  ability  of  Ar*  compared  to 
O2* 


4.2  Film  crystallography 

1;  can  be  seen  from  Fig.  3  that  the  lowest  gas  content  at  which  vanadia  with 
long-ra.  .;t;  crystallographic  order  is  formed  increases  with  decreasing  It  can  be 
seen  iroin  Fig.  **(4)  that  the  interlayer  spacing  ot  vanadia  formed  at  low  gas  O2 
content  is  less  than  bo.  b  increases  to  above  bo  ^  Stts  O2  content  is  increased.  The 
lowest  gas  O2  content  at  which  b  >  bo  is  also  dependent  upon  F,,  and  in  general 
increases  with  increasing  t'. 

For  films  grown  in  gas  Ar-  ^  an  increase  in  b  is  accompanied  by  ( 1 )  an 

increase  in  FWHM  (Fig.4<b|),  indicating  an  increase  in  random  strain  and/or 
decrease  in  crystallite  size,  and  (2)  an  increase  in  peak  intensity  (Fig.  4(c)),  indicating 
an  increase  in  the  number  of  {010}  diffracting  planes  oriented  parallel  to  the 
substrate  plane.  However,  in  spite  of  its  increase,  the  peak  intensity  for  these  films  is 
low,  suggesting  1 1 )  poor  alignment  of  {010}  planes  with  the  substrate  plane  and  (2) 
the  presence  of  SRO  vanadium  oxide  (amorphous  and/or  microcrystalline  of 
undetermined  orientation)  as  an  additional  phase.  RBS  results  show  that  in  films  18 
and  20.  if  SRO  vanadium  oxide  is  ptesent  in  addition  to  vanadia,  its  V;0  atomic 
concentration  is  within  +  10“;  of  V,Oj.  Films  grown  in  100^4  O2  have  b  >  b®  and 
are  crystallographically  more  ordered  than  films  grown  in  Ar-  ^  25'’i02;  their  XRD 
patterns  show  a  large  [010}  peak  intensity  and  a  smaller  FWHM. 

Data  from  Figs.  2(c)  and  4(a)  are  superimposed  on  the  ”phase  diagram”  in  Fig. 
3.  by  curves  representing  ( I )  the  lowest  value  of  gas  Oj  for  which  b  >  bo  and  (2)  the 
value  of  gas  Oj  at  which  the  target  surface  becomes  oxidized.  Previous  data  from 
refs.  9  and  1 1  show  that  curves  (I)  and  (2)  coincide  for  »  -2.2kV.  The  data 
presented  here  show  that  these  curves  diverge  with  decreasing  F,.  An  oxidized  target 
surface  is  a  requirement  for  an  interlayer  spacing  b  >  bg  but  not  a  guarantee  of  it.  As 
FJs  decreased  from  -2.2  to  -  I  4kV.thecritical  gas  O2  content  at  which  the  target 
surface  is  oxidized  is  shifted  to  lower  values  and  the  critical  gas  O2  content  at  which 
b  >  bo  is  shifted  to  higher  values,  opening  up  a  region  in  which  crystalline  vanadia 
with  b  ^  bo  and  SRO  vanadia  are  produced  from  an  oxidized  target  surface. 
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Annealing  response  of  disordered  sputter  deposited  vanadium  pentoxide 
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We  report  the  response  to  isothermal,  low  temperature  ( 280  *C)  annealing  in  air  for  up  to  60  min, 
in  terms  of  changes  in  crystallography  and  optical  absorption  coefficient  a(E)  of  two  types  of 
sputter  deposited,  disordered  vanadium  pentoxide;  (1)  an  amorphous  film  and  (2)  a  single 
<010)-crystallographic  orientation  film  in  which  the  interlayer  spacing  b  is  sUghtly  greater 
( 0.03% )  than  the  ideal  value.  It  was  found  that  low  temperature  annealing  does  not  crystallize 
amorphous  vanadium  pentoxide,  and  that  no  change  occurs  in  a  ( £)  in  the  charge  transfer  region 
£>~2.S  eV.  The  Tauc  nondirect  optical  band  gap  E'  =  2.34  eV.  However,  the  low  energy 
absorption  tail  present  in  the  as-grown  amorphous  film  disappears  upon  annealing,  attributed  to 
the  elimination  of  V  ^  *  sites.  On  the  other  hand,  annealing  crystalline  vanadium  pentoxide  causes 
crystallographic  changes,  the  interlayer  spacing  expands,  and  concurrently,  a(£)  in  the  charge 
transfer  region,  £>2.6  eV,  increases.  In  agreement  with  a  recent  theoretical  band  calculation  and 
single  crystal  data,  the  indirect  optical  band  gap  E,  =  2.36  eV  for  both  as-grown  ai>d  atuiealed 
crystalline  vanadium  pentoxide. 


I.  INTRODUCTION 

Vaiudium  pentoxide  ( VJO5),  is  a  wide  band  gap  semicon¬ 
ductor  at  room  temperature  with  an  orthorhombic  lattice 
structure  with  parameters  a,  =>11.319,  b^^A.nX  and 
C4  =!  3.564  A.'  Ilie  extended  space  lattice  consists  of  alter¬ 
nating  layers  of  V  -f  O  atoms  and  O  atoms  (vimadyl  O) 
alone  oriented  parallel  to  the  b  axis  or  <0I0)  crystallograph¬ 
ic  direction.^'  Bonding  along  the  <010)  direction  is  we^* 
In  a  series  of  experiments*''^  in  which  films  were  grown 
from  a  vanadium  target  sputtered  in  Ar-O]  discharges,  we 
previously  related  long  range  atomic  disorder  in  near  room- 
temperature  sputter  deposited  vaiudium  pentoxide  to  the 
process  parameters  ^  Oj  content  and  cathode  voltage  Vc- 
Using  optical  emission  spretrometry  for  in  situ  discharge 
diagnostics,  we  identified  key  species  in  the  growth  enviroo- 
ment  whose  rdative  fiux  to  the  substrate  strongly  affected 
film  crystallography  and  stoichiometry.  Two  important  fac¬ 
tors  in  the  growth  environment  were  (bund  to  be  ( 1)  the  V 
atomic/V -oxide  molecular  flux  that  arrived  at  the  substrate, 
and  (2)  the  amount  of  oxygen  in  the  discharge  after  the 
surface  of  the  target  had  become  oxidized  and  its  ability  to 
getter  oxygen  from  the  discharge  volume  had  stopped.  In 
terms  of  process  paiameter-fllm  structure  relation^ps,  a 
"phase  diagram”  for  vanadium  pentoxide  not  grown  tmder 
conditkms  of  thermodynamic  equilibrium  was  developed,'* 
in  which  changes  in  long  range  atomic  order  structure  were 
mapped  onto  gas  O,  content-  space.  All  crystalline  vana¬ 
dium  pentoxide,  grown  on  a  variety  of  substrates  including 
<1 1  l)-cut  Si,  fused  SiOj,  laboratory  gisss,  and  <0001)-cut 
A1,0„  was  found  to  have  solely  a  <0I0)  orienU:,cr',  that  is, 
the  h  axis  in  all  crystallites  was  oriented  perpendicular  to  the 
substrate  plane.  The  interlayer  spacing  b  however,  took  on 
values  from  4.36  to  4.43  A  (the  deviation  from  ideal 
ho  -  Ah  »  {(h  -  ho)/hJ  -  -  0.003  to  -l-  0.018).  In  addi¬ 


tion  to  disorder  in  interlayer  spacing,  films  with  no  long  ^ 
range  atomic  order  were  also  produced.  ! 

Each  form  ofvanadium  pentoxide  has  technological  fatter-  ‘ 
est  Bulk  and  thin  film  vanadium  pentoxide  with  vanadylO  j 
vacancies  (h  <  ho)  has  historically  been  used  asanfanpofta^ 
catalyst  for  the  oxidation  of  hydrocarbons'**'*  and  the  re- > 
duction  of  nitric  oxides.'*  The  optical  transmission  charac¬ 
teristics  of  thin  film  vanadium  pentoxide  with  h>ho*''* 
make  it  a  candidate  for  a  solar  cell  window.  Crystalline  vana¬ 
dium  pentoxide  films  of  undetermined  interplanar  H»cing 
have  been  used  as  the  intercalation  counterelectrode  in  elec-  j 
trochromic  cells. Amorphous  vanadium  pentoxide  has  ' 
been  studied  for  its  semiconducting  behavior  arising  from  ' 
hopping  of  unpaired  electrons  between  V  atoms  in  -l-3and- 
-I-  4  valence  states.**^  In  addition,  a  phase  transition  at 
230-260  *C,  with  an  accompanying  change  in  electrical  re¬ 
sistivity  has  been  reported  in  amorphous  vanadium  pentox¬ 
ide,  and  thermally  activated  electric  switches  were  fabri- . 

caiad.** 


We  have  previously  studied**  low  temperature  (280  *C) ; 
oxidatioo  of  films  in  which  h<ho,  and  related  changes  in 
crystal  structure  and  optical  absorptkm  behavior  first  to 
annhilation  of  V4O,)  growth  faulta,  and  after  a  longer  time  at 
temperature,  of  vanadyl  O  vacancies.  In  the  following  paper, 
we  investigate  the  low  temperature,  isothermal  annealing 
response,  in  terms  of  changes  in  crystallography  and  optical 
absorption  behavior,  of  two  types  of  disordered  vanadium 
pentoxide  structure;  ( 1 )  an  amorphous  film,  and  (2)  a  film 
in  which  b,  is  slightly  greater  than  b^(,tiJ>  —  -1-  0.003). 

II.  EXPERIMENTAL  PROCEDURE 
A.  FHm  growth 

I 

A  liquid  Nj-cold  trapped,  hot-oil  diffusion  pumped,  ra¬ 
dio-frequency  (rO-exdted  planar  diode  sputter  depoaitioD 
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^tem  was  used  to  grow  the  films.  The  target  was  a  12.7 
^  diam,  99.7%  V  disc  bonded  to  a  water-cooled  Cu  cath¬ 
ode.  The  substrates,  laboratory  glass  slides  and  carbon  rib- 
lioa,  were  placed  on  a  water-cooled  Cu  anode.  The  anode- 
cathode  spacing  was  S  cm. 

The  chamber  was  evacuated  to  5x10"’  Torr  before 
l^kfilling  with  sputtering  gas.  With  a  shutter  covering  the 
substrates,  a  two-step  presputter  procedure  was  carried  out 
in  which  the  target  was  sputtered  in  Ar  for  20  min,  and  then 
for  an  additional  20  min  in  the  Ar-Oj  gas  mixture  used  for 
the  actual  depositioii,  after  which  the  shutter  was  opened. 
Jhe  total  gas  pressure  was  measured  with  a  capacitance  ma¬ 
nometer  and  kept  constant  at  1 X 10  ~  ’  Torr.  99.999%  pure 
Ar  and  99.997%  pure  O]  were  used.  Each  component  was 
introduced  separately  into  the  sputtering  chamber.  ArO, 
ratios  of  98:2  and  90: 10  were  established  using  a  MKS  Bara- 
tion  Series  260  control  system.  Model  2S8  flow  transducers, 
and  Model  248 A  solenoid  control  values.  The  discharge  was 
operated  at  =  —  1.6  kV  ip-p),  corresponding  to  250  W 
rf  forward  discharge  power. 

f 

B.  Post-deposition  film  analysis 

Film  thickness  was  determined  using  a  profilometer  to 
measure  the  height  of  a  step  produced  by  masking  a  region  of 
the  glass  substrate  during  deposition.  Growth  rate  was  de¬ 
termined  by  dividing  thickness  by  deposition  time.  Film 
thickness  and  growth  rate  are  recorded  in  Table  I. 

The  crystallography  of  films  grown  on  glass  was  investi- 
pted  by  double-angle  x-ray  diffraction  ( XRD )  using  Chi  Ka 
radiation  (/t  3=  1.S418  A).  Peak  position  (20)  and  full  width 
at  one-half  of  the  maximum  intensity  (FWHM )  were  mea- 
.  sured.  The  diffractometer  was  calibrated  n  mg  the  {0101} 
diffraction  peak  of  a  quartz  standard  at  7  V  s  26.66*  0.02* 

whose  width  is  0.23*.  Rutherford  backs'  :ttering  spectrosco¬ 
py  (RBS)  using  2  MeV  He  *  ’  ions  as  carried  out  on  films 
grown  on  carbon  ribbon  to  dete  ,nine  the  relative  atomic 
concentration  of  V  andO  (  10%). 

The  optical  transmittance  T  and  reflectance  R  of  near- 
normal  incident  radiation  of  films  grown  on  glass  was  mea¬ 
sured  with  a  Perkin-Elmer  Model  330  ultraviolet  (UV)- 
visible-infrared  (IR)  double  beam  spectrophotometer. 
Measurements  were  made  in  laboratory  air  at  room  tem¬ 
perature.  Reflectance  measurements  were  made  relative  to  a 
protected  A1  mirror.  The  absorption  coefficient  a  was  calcu¬ 
lated  as  a  function  of  incident  photon  energy  E  from  the 
expression,^* 


Tasle  1.  Deposition  paramcten.  film  thickness,  ind  VO  atomic  ratio*  for 
(oxide. 
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r=  [(1  -R)*exp(  -ax)l/(l  -R*exp(  — 2ax)]. 

(1) 


Samples  on  glass  were  annealed  in  a  46  cm  long  Lindbergh 
tube  furnace  with  both  ends  open  to  air.  A  Fluke  digital 
thermometer  with  a  type  K  thermocouple  was  used  to  cali¬ 
brate  the  furnace  to  ±  2.0  *C.  Samples  were  placed  in  the 
furnace  at  280  *C  for  30  and  60  min.  Samp'cs  were  then  with¬ 
drawn  from  the  furnace  and  cooled  in  laboratory  air.  XRD 
and  optical  transmission  and  reflection  data  was  taken  aAer 
eachaimeal. 


A.  Chemistry  and  crystallography 

Rutherford  backscattering  spectroscopy  results,  recorded 
in  Table  I,  show  that  the  V:0  atomic  ratio  in  both  as-grown 
films  are,  within  the  ±  10%  accuracy  of  the  measurement, 
stoichiometric  (0.36<V/0<0.44). 

X-ray  diffraction  resulu  are  recorded  in  Table  II.  Film  A 
as-grown  and  annealed  up  to  60  min  showed  no  diffraction 
peaks,  indicating  an  absence  of  long  range  atomic  order. 
Film  B  as-grown  and  annealed  up  to  60  min  showed  diffrac¬ 
tion  solely  from  {010}  V,0,  planes,  with  Ab  increasing  from 
+  0.003  to  0.026  as  a  function  of  annealing  time.  An  in¬ 
crease  in  FWHM  accompanied  the  increase  in  Ab.  An  in- 
CTcase  in  FWHM  indicates  an  increase  in  random  strain 
(larger  distribution  of  6  values)  and/or  a  decrease  in  crystal¬ 
lite  size. 

B.  Optical  absorption  behavior 

The  visual  appearance  in  transmitted  light  of  as-grown 
film  A  was  transparent  green.  As-grown  film  B  and  all  an¬ 
nealed  sutes  of  films  A  and  B  were  transparent  yellow. 

The  optical  absorption  coefficient  a(£)  is  shown  for  val¬ 
ues  >  10^  cm  ' '  in  Figs.  1  and  2  for  all  as-grown  and  an¬ 
nealed  films.  Values  of  a{E)  <  10*  cm  * '  were  excluded  be- 
ciuse  they  represent  possible  absorption  and  scattering  due 
to  film  morphology,  for  example,  at  crystallite  boundaries  or 
other  internal  surfaces,  and  not  representative  of  changes  in 
V-O  bonding  that  we  are  attempting  to  probe  by  examining 
changes  in  a(E). 

Included  in  Figs.  1  and  2  are  data  for  single  crystal  V ,0,** 
with  the  electric  field  vector  E  of  the  incident  radiation  par- 


tpuitcf  deposited  vuiadiuo  pen- 


C.  Heat  treatment 


III.  RESULTS 


Gas 

yr 

Powp 

Rate 

Thickness 

V/O 

Film 

%o, 

(  -  kV  p-p) 

(W) 

(A/rain) 

(kA) 

at  % 

A 

2 

-  16 

WBM 

KB 

1  7 

0)6 

B 

10 

-  16 

■■ 

06 

0.3$ 

'Determined  by  RBS  I  ±  10%) 

*Enor  represents  two  standard  deviations  from  ihc  mean. 
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Table  II  XRO  peak  position  (20),  interlayer spaang  (A),  AA(0  -  A^Ag),  and  haJf-widih  (FWHMIofas- 
deposiled  and  annealed  sputter  deposited  vanadium  pentoiide. 


I  Film  A 


I  As  deposited:  No  diffraction  peaks 
2.  280*C/30  min:  No  diffraction  peaks 
)  280  ’C/60  min;  No  diffraction  pealts 


11.  Film  B 

20(deg)* 

A<A)* 

AA 

FWHM  (deg) 

1 .  As  deposited: 

20.24  ±  002 

4.387  ±  0004 

+  0.003 

0  48  ±  0  07 

2.  280  *0/30  mm: 

20.00  1 0.01 

4  439  ±  0002 

+  0015 

050  ±0.03 

3.  280 ’C/60  min: 

19  78  1  0.03 

4.488  ±0006 

+  0.026 

055  ±0.02 

*  Error  in  all  values  repreaenu  tans  ttandard  devialions  from  the  mean. 


allel  to  the  a  and  c  crystal  axes.  Because  of  difficulties  in 
growng  single  crysul  VjOj  of  sufficient  thickness  parallel  to 
the  b  crystal  axis,  no  data  for  E||fr  were  available.  The  data 
for  single  {010}  orientation  films  in  this  study  were  taken 
with  E||fi,  a  consequence  of  the  fact  that  films  grow  with 
layeis  parallel  lu  the  substrate.  Therefore,  when  comparing 
film  and  single  crystal  data,  the  difference  in  geometry,  and- 
hence  possible  anisotropic  optical  behavior,  must  be  kept  in 
mind. 

IV.  DISCUSSION 

A  comparison  of  the  crystallographic  dau  presented  in 
Table  II  and  optical  absorption  data  presented  in  Fig.  I 
shows  that  annealing  amorphous  film  A  at  280  *C  for  up  to 


X(nml 


Fks.  I.  The  optical  ataaipliM  eecfldat  a(£)  as  a  huictioa  of  inddcpl 
photon  oiergy  for  ffim  A.  aa-irona  and  annealed  far  30  and  60  min  al 
280*0  Sinfle  ciyital  vanadiaa  paUude  data  for  E|a  and  E|r  ia  from 
KamtitaL^’ 


60  min  does  not  cause  crystallization,  but  does  change  its 
optical  absorption  behavior.  It  can  be  seen  from  Fig.  1  th ., 
as-grown  film  A  shows  considerable  absorption  througho<' 
the  visible  spectral  region,  with  a(E)  =  ~  10*  cm  ~ '  from 
1. 5-2.5  eV  {/i  =0.7-0.5/im).  A  sharp  increase  in  a(£}  oc¬ 
curs  at  ~  2.5  eV.  A  low  energy  tail  on  the  optical  absorption 
edge  has  been  previously  reported  in  crystalline  sputter  de¬ 
posited  V2O5  containing  V  In  the  case  of  crystalline 

VjO],  V  ''^  *  sites  were  created  during  growth,  concurrent 
with  creating  vanadyl  O  vacancies.  In  the  case  of  as-grown 
film  A,  it  is  possible  that  V'**  sites  arise  from  the  general 
disorder  of  the  amorphous  material.  In  fact,  a(E)tor  amor¬ 
phous,  stoichiometric  V^Oy  films  grown  by  a  sol-gel  tech¬ 
nique  shows  absorption  associated  with  V ''  *  sites  through¬ 
out  the  visible  and  near  IR  spectral  regions.^^  The  region 


X(pm] 


TOO  600  SOO  400  350 


Fio.  2.  The  optical  ahaorption  ooeAcieiit  a(£)  m  a  funetkM  of  incidenl 
pbolaii  owrty  far  Um  B,  as-grown  and  aanealed  for  30  and  60  min  al 
280  *C  Single  eryatiU  vanadium  pemoaide  dau  for  B|«  and  E|e  ia  from 
Kenny  «r  a/.” 
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of  the  a(E)  versus  E  curve  above  —2.5  eV  is  the  charge 
region  .  [10]  in  which  optical  absorption  is  dur  to 
.-valence —conduction  interband  electronic  transit!. -TiS.  An> 
Dealing  at  280  *C  for  30  min  eliminates  the  low  energy  tail, 
presumably  by  elimination  of  V  ■*"*  sites,  which  is  observed 
by  the  naked  eye  "s  a  color  change  of  the  film  from  green  to 
yellow.  Annealing  for  60  min  causes  a  discrete,  low  intensity 
band  centered  at  1.75  eV  to  develop.  Data  for  film  A  as- 
grown  and  annealed  at  280  *C  are  coincident  in  the  charge 
transfer  region. 

The  data  near  the  onset  of  the  charge  transfer  region 
(£=  —  2.5-3.2  eV)  for  all  states  of  film  A  were  analyzed 
using  the  Tauc  model^*  for  an  amorphous  semiconductor  to 
obtain  a  nondirect  optical  band  gap  E '  defined  by  the  follow¬ 
ing  equation 


(a(£)£]'^  =  C{£-£']. 


(2) 


Extrapolation  of  the  data  to  a(£)  =  O,  as  shown  in  Fig.  3. 
yields  £'  =  2.34  eV. 

It  can  be  seen  from  Fig.  2  that,  unlike  film  A.  as-grown 
film  B  has  a  sharp  optical  absorption  edge  with  an  onset  at 
2.5  eV  and  a  change  in  slope  marking  the  beginning  of  the 
charge  transfer  region  at  2.6  eV.  Annealing  for  30  min  at 
280  *C  increa.4es  a(£>  2.6  eV),  indicating  an  increase  in  the 
joint  density  of  states  at  the  band  edges.  Annealing  for  60 
min  produces  no  further  change. 

A  recent”  theoretical  linear  combination  of  atomic  orbi¬ 
tals  calculation  based  on  the  orthorhombic  vanadium  pen- 
toxide  unit  cell  predicts  an  initial  indirect  interband  transi¬ 
tion.  We  therefore  fit  the  data  for  film  B  to  the  following 
equation,  which  defines  an  indirect  band  gap  £,  in  a  crystal¬ 
line  schd:* 

a(£)''^  =  /)[£-£,].  (3) 


Extrapolation  of  the  data  to  a(£)  =  O,  as  shown  in  Fig.  4, 
yields  £,  =  2.36  eV  for  both  as-grown  and  annealed  film  B. 

Single  crystal  data’^  for  a(£)  in  an  available  limited  ener¬ 
gy  range,  2.3-2.8  eV,  shows  a  sharp  absorption  edge  with  an 
onset  at  2.3  eV  and  a  change  of  slope  at  2.45  eV.  An  early 
calculation  based  on  an  initial  forbidden  direct  interband 
transition  (without  theoretical  basis)  was  previously  used  to 
determine  the  single  crystal  band  gap,  and  the  values  for  E||a 
and  E||c  were  2.34  and  2.36  eV,  respectively.  There  is  an 
[a(£)£]  dependence  on  £  for  a  forbidden  direct  transi¬ 
tion.  Reevaluation  of  the  single  crystal  data  in  light  of  the 
recent  theoretical  calculation,  using  Eq.  ( 2 ) ,  yields  the  same 
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Fig  3.  a(  £)  data  near  the  onset 
of  the  charge  transfer  region  for 
all  states  of  film  A  analyzed  using 
the  Tauc  model”  for  an  amor¬ 
phous  semiconductOT  to  obuin  a 
nond’rcct  optical  band  gap  £ '  de¬ 
fined  in  Eq  (2)  Estrapolation 
to  o(£)  =  O  yields  £'  =  2  34 
eV  Circles  as-grown, 

squares — 30  mm  anneal,  man- 
gica— 40  min  anneal 


Fig.  4.  a(£)  data  nesu  the  onset 
of  the  charge  transfer  reguo  for 
ail  states  of  film  B  analyzed  using 
E<l  ( 3 )  to  obtain  an  indirect  op¬ 
tical  band  gap  £,  Estiapolation 
to  a(E)  =0  yields  £,  =  2.36 
eV.  Circles  —  as-grown, 
squares — 30  min  anneal,  trian- 
gles — 60  min  anneal. 


values  for  £,,  in  excellent  agreement  with  both  the  nondirect 
gap  for  all  sutes  of  film  A  and  the  indirect  gap  for  all  states  of 
filfflB. 

V.  SUMMARY 

We  investigated  the  response  to  isothermal,  low  tempera¬ 
ture  (280  *C)  annealing  in  air  for  up  to  60  min,  in  terms  of 
changes  it  crystallography  aiid  optical  absorption  coeffi¬ 
cient  a(£)  of  two  types  of  sputter  deposited,  disordered  va¬ 
nadium  pentoxide:  (1)  amorphous  film  A,  and  (2)  single 
(OlO)-orienUtion  film  B  in  which  the  interlayer  spacing  b  is 
slightly  greater  (0.03%)  than  b^,  the  ideal  value.  It  was 
found  that: 

( 1 )  Annealing  amorphous  film  A  does  not  cause  crystalli¬ 
zation.  However,  a  low  energy  absorption  tail  disappears, 
attributed  to  the  elimination  ofV'^*  sites.  No  change  occurs 
itta(E)  in  the  charge  traiafer  region  £>  —  2.5  eV.  The  Tauc 
nondirect  optical  hand  gap,  £ '  =  2.34  eV  for  all  states  of  film 
A. 

(2)  Annealing  crystalline  film  B  causes  b  to  further  ex¬ 
pand  and  a(£)  in  the  charge  transfer  region,  £>2.6  eV,  to 
increase.  In  agreement  with  a  recent  theoretical  band  calcu¬ 
lation  and  single  crystid  data  for  vanadium  pentoxide,  the 
indirect  optical  band  gap  £,  =  2.36  eV  for  all  states  of  film  B. 

ACKNOWLEDGMENTS 

We  thank  Professor  D.  Venugopalan  ( UW-MKE)  for  use 
of  the  annealing  facility,  and  Dr.  E.  A.  Kolawa,  Dr.  C.-K. 
Kwok,  and  Professor  M.  A.  Nicolet  (Caltech)  for  Ruther¬ 
ford  backscattering  measurements,  useful  discussions,  and 
encouragement.  This  work  was  supported  under  US  ARO 
Grant  Nc.  DAAL-03-89-K-0022,  and  through  a  gift  to  the 
Wisconsin  Distinguished  Professorship  of  CRA. 


*'  Pemunenl  iddress:  iohiaon  Controls.  Inc..  Systems  and  Sennea  Divi. 
Sion.  307  East  Mkhigan  Street,  Milsvaukee,  Wl  33201. 

Author  to  whom  correspondence  should  be  addressed. 

‘ASTM  Joint  Commission  on  Posrder  DilTraction  Sundards  File  No  9- 
387  ( 1974)  and  c,  are  reversed  in  this  reference  from  the  manner  in 
which  they  appear  throughout  the  literature. 

'H  G  Bachmann.  F  R.  Ahmed,  and  W  H.  Barnes  Z  Krisul.  S.  115,  1 1 
(1961) 

’L.  Fiermans  and  J.  Vennik,  Surf.  Sci  9,  187  ( 1969) 

'A,  Mosset,  P  Lecante,  J.  Galv.  and  J  Livage,  Philos  Mag.  B  46,  137 
(1982) 

'E  Gillaand  E.  Boesman,  Phys.  Status  Solidi  14,  337  ( 1966) 

*P  Clauws  and  J.  Vennik.  Phys  Status  Solidi  B  66.  553  ( 1974) 

'W  Lambrecht.  B.  Djafan-Rouhani.  and  J  Vennik.  J  Phys.  C  19.  369 
(1986) 


•  •«--  ^-1  m  A  Ua  S  Uam/  I,,a  4< 


548 


j.  Luksich  and  C.  R.  Alta:  Disordered  sputter  deposited  V,0, 


544 


*A  Bystrom,  K.  -A.  Wiihelmi.  and  O  Brotsen,  Acta  Chcm  Scand  4, 1 1 19 
( 1950).  *-  C.  Orgel,  Introduction  to  Tronsition-Mttal  Chematry  Li¬ 
gand  field  Theory  (Methuen,  Lunjon.  1980),  p  17} 

’S.  D  Hansen  and  C.  R.  Aita,  J  Vac  Sci.  Technol  A  3,  660  ( 1985) 

"C.  R  Alta,  Y  -L.  Uu,  M  L.  Kao.  and  S.  D  Hansen,  J  Appl  Phyi  60. 749 
(1986) 

"C.  R  Aiu,  C  K  Kwok,  and  M  L.  Kao.  Mat  Res.  Soc.  Proe.  8t  435 
(1987) 

"C.  R.  Alla,  L.  J  Liou,  C.  K.  Kwok.  R.  C.  l-ee,  and  E  Kolawa.  Thin  Solid 
Films,  XXX  ( 1990). 

'’L.  Fiermaiu,  P.  Clauws,  W  Lambrechi,  L.  Vandenbrouche,  and  J  Ven- 
nik,  Phys.  Sutus  Solidi  A  59, 495  ( 1980) 

“M.  V  Copaert.  Z.  Physiol  Chem.  84,  150  ( 1987) 

’’L  Fiermans,  L.  Vandenbrouche,  R.  Vandenberge.  J  Vennik.andG.  Dal- 
mai,  J.  .Microsc.  Spectros.  Electron.  4.  543  ( 1979) 

'*).  H.  Perlstein,  J.  Solid  Suie  Chem.  3,  217  ( 1971 ) 

''H.  Miyala,  M.  Kohno,  and  T.  Ono.  J.  Chem.  Soc.  Faraday  Trans.  I.  85. 
3663(1989). 

'*H.  Miyala.  S.  Tokuda,  and  T.  Yoshida,  Appl.  Spectrosc.  43.  522  ( 1989). 


"A  Kaikcr  and  A.  Wokauun.  Nalurwisscn  Schafter  76.  168  ( 1989). 

”S  F  Cogan.  N.  M  Nguyen.  S.  J  Perrotli,  and  R  D.  Rauh,  J.  Appl.  Phys. 
66.  1333  ( 1989);  SPIE  Proc  1016.  57  (  1988) 

'■a.  Talledo.  A.  M  Andersson,  and  C  G  GrandqviM.  J.  Mater.  Res.  S, 
1253  (1990). 

Sanchez,  F.  Baboiuieau,  R.  Morineau,  and  J.  Livage,  Philos.  Mag.  B4T, 
279  (1983). 

”7.  Builol.  P.  Cordier,  O.  Gailais,  M.  Gauthier,  and  F.  Babonneau.  J.  Nan- 
Crysl.  Solids 68,  135  (1984). 

’‘G.  S.  Nadkami  and  V.  S.  Shirodkar,  Thin  Solid  Films  lOS,  1 15  ( 1983). 

”C.  R.  Alta  and  M.  L  Kao.  J.  Vac.  So.  Technol.  A  5.  2714  ( 1987). 

'*).  I.  Pankove,  Optical  Processes  in  Semiconductors  ( PrtnOce-Hall,  Engle¬ 
wood  Cliffs.  NJ,  1971 ).  pp.  93-95. 

’'N.  Kenny,  C.  R.  Kannewurf,  and  D.  H.  Whitmore,  J.  Phys.  chem.  Solids 
2,  1237  (1966). 

“G.  Cody,  m  Semiconducton  and  Semimetals,  edited  by  J.  I.  I’ankove 
(Academic,  New  York.  1984).  Vol.  21.  Part  B. 

'*Y.-W.  Ching  (unpublished). 

“J.  I.  Pankove,  op  ciL  pp  37-43. 


X  Vm.  Set  TechnoL  A.  Vol »,  No.  3.  May/Jun  1M1 


ELECTRONIC  TRANSITION-RELATED  OPTICAL  ABSORPTION 
IN  VANADIA  FILMS 


NADA  M.  ABUHADBA  AND  CAROLYN  R.  AITA 

Materials  EJepamnent,  University  of  Wisconsin-Milwaukec,  P.O.  Box  784,  Milwaukee, 
Wisconsin  S3201 


ABSTOACr 

Vanadium  pentoxide  (vanadia)  is  a  wide  band  gap  semiconductor.  Its  layered 
onhoctiombic  structure  consists  or  alternating  sublayers  of  V-tO  atoms  and  O  atoms  (vruudyl 
O)  alone  aligned  perpendicular  to  the  b-axis.  This  unique  structure  makes  vanadia  a  usefU 
host  for  alkali  atom  intercalation  for  electrochromic  applications,  and  therefore,  an 
understanding  of  its  optical  properties  is  important  Here,  we  study  the  optical  absorption 
characteristics  of  vanadia  in  the  incident  ptoton  energy  range  E=2.5-6.0  eV  (X^9(]L200 
nm).  Tte  material  is  in  the  form  of  0.1pm  duck  films  qwtter  dqtosited  in  Ne/C>2  discharges. 
Two  types  of  films  were  studied:  sin^e-oriented  films  with  the  b-axis  perpendicular  to  the 
substrate,  and  amorphous  films  witii  an  oxygen  deficiency.  The  optical  absorption 
coefficient  cit(E),  was  determined  and  interpreted  in  terms  of  the  ^tnicture  of  the  V  3d 
conduction  Amorphous,  O-deficient  vanadia  were  examined  for  room  temperature 
aging  and  were  found  to  oxidire  and  increase  in  transmittance  in  the  photon  cacr^  range 
studied. 


INTRODUCTION 


Vanadia,  V2O5,  is  a  wide  band  gap  semicooductor  at  room  temperature.  It  crysollizes 
in  the  orthorhombic  crystal  structure  vtitb  bulk  parameters  a»l  1.519  A,  b=4.373  A,  and 
c=s3.564  A  [1-6].  The  crystal  stnicture  is  shown  in  Fig.  la  [7].  Perpendicular  to  the  b 
crystal  axis,  Le.,  in  the  (010)  plane,  vanadia  has  a  layered  struemre  consisting  of  alternating 
rows  of  V'lO  atoms  and  O  atoms  done.  In  varuulia,  a  central  V  atom  is  bonded  to  six  O 
atoms  in  a  distorted  octahedral  symmetry.  Four  O  atoms  are  coplanar,  a  fifth  O  lies  I.S9  A 
above  the  central  V  atom  and  is  referred  to  as  the  vaiudyl  O,  and  a  sixth  O  atom  lies  2.78  A 
below  the  cenoal  V.  Figure  lb  shows  the  local  atomic  anangemenL  Bonding  perpendicular 
to  the  layer  is  weak  because  of  the  large  seperation  between  a  central  V  atom  and  the  vanadyl 
O  of  an  adjacent  layer. 
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Fig.  1:  a)  Perspective  diawing  of  the  vana'l.«  lattice,  with 
small  circles  indicating  V  and  larger  circles  indicating  O 
{from  Ref.T'J.  b)  The  local  arrangement  around  a  central  V 
atom  in  distorted  oct?‘'edral  coordination  with  six  O 
[Ov=vanadyl  O,  Oc  =chain  O.  Ob=l>ttdgc  O] 


Interest  in  the  optical  properties  of  vanadia  originated  as  a  result  of  a  better 
understanr^g  of  the  catalytic  process  hydrocarbon  oxidadca  (7-111-  The  oxygen 
molecuie  dissociatrs  at  the  surface  of  nnnefnif!hir)«wc<Tv»  vanadia  1^  trapping  an  oxygen  atom 
at  a  vacant  vanadyl  oxygen  site.  <^dcal-related  studies  showed  presence  of  a  broad  infiiared 
band  centered  at  about  Iftm,  the  intensity  of  which  incraued  or  decreased  upon  reduedoo  or 
oxidadoo  of  vanadia  respectively  (9,11].  The  band  was  attributed  to  electronic  transidoos 
within  occupied  3d  band  O-c  Td* — ^>3dl). 

The  wide  interlayer  spacing  allows  intercoladon  of  aHrali  atoms  within  the  vandia 
latrioe.  and  that,  in  turn  resulted  in  the  interest  in  thin  filmg  of  vanadia  in  solid  state  batteries 
[12]  and  electrochroouc  devices  for  smart  windows  [13-16].  Intercalation  and 
de-intercaladon  are  associated  with  rednedon  and  oxidation  of  the  matnial,  and  hence  the  IR 
bandinthinfi^  vanadia  has  rqxatedly  been  investigated  [13,16,18].  However,  there  have 
been  few  sn^es  cf  opdeal  behavior  at  energy  greater  than  the  ba^  gap.  Le.  in  the  ultraviolet 
spect^  region,  whi^  is  the  subject  of  the  present  paper.  Alta  et  al.  [17-21]  have  been 
studying  the  effect  of  various  sputter  deposidon  parameters  on  the  vanadia  films  structural 
and  opdeal  properdes  grown  in  A1/O2  discharges. 

We  repoa  here  the  opdeal  properdes  of  sin^  (TIO)  orientadon  vanadia  and  amorphous 
vanadia  films  for  incident  photon  energy.  E=2j;-6.0  eV  (wavelength  X=490-200  nm).  Films 
are  grown  by  r^o  frequency  reaedve  sputter  deposidon  in  Nc/Oi  discharges.  Tl.c  effect  of 
using  NC/O2  discharges  on  the  films*  structural  properties  is  discussed  in  Ref.  27.  Optical 
absorption  characteristics  in  the  ultraviolet  region  are  related  to  the  structure  of  the  vanadia 
conduction  band.  The  effect  of  room  temperature  aging  of  the  amorphous  fdms  is 
in  terms  of  film  oxidation. 


EXPERIMENT 


Film  Growth 


A  liquid  N^-cold  trapped,  hot -oil  diffusion  pumped,  rf-exciicd  planar  diode  sputter 
deposition  system  w  is  us<^  to  grow  the  films.  Tlic  t:”-gct  was  a  12  7  cm-diani.  99.7%  V 
disc  bonded  to  a  waicr-Cf^K)led  cathode.  Tlic  substrates  were  pyrex  glass  slidrs  a^d  fused 
silica  placed  on  a  water  cooled  Cu  anode  Tlic  anode -cathode  spacing  was  5  cm. 

The  chamber  wa^  evacuated  to  6  63  x  10'^  pa  (.3x10'^  ton)  lx:forc  backfilling  with 
sputtering  gas.  Tlic  tot-l  gas  pressurr  was  mcasurol  with  a  capaciiancc  manometer  and  kept 
constant  at  1.33  Fa  (lx  10'^  lorr).  99.999%  pure  Ne  and  99  997%  pure  O2  were  used. 
Each  component  was  introduced  separately  into  the  sputtering  chamber.  Nc:02  ratios  were 


established  using  an  MKS  Baratron  Senes  260  control  system.  Model  25S  flow  transducers, 
and  Model  248A  solenoid  control  valves.  With  a  shutter  covering  the  substrates,  a  two-step 
pre-sputter  procedure  was  carried  out  in  which  the  target  was  sputtered  in  Ne  for  45  minutes, 
and  then  for  an  addidonal  45  minutes  in  the  Nc/02  8^^  mixture  used  for  the  actual  deposition, 
after  which  the  shutter  was  opened.  Peak-to-peak  cathode  voltage,  V^,  was  -1.6  kV. 
Specific  deposition  conditions  are  recorded  in  Table  1. 

Ne  gas  was  used  as  the  sputtering  rare  gas  instead  of  the  commonly  used  Ar  for  several 
reasons.  A  well-known  characteristic  of  reactive  sputter  deposition  from  an  elemental  target 
is  that  compound  formation  at  the  target  surface  above  a  critical  reactive  gas  content,  for 
example  oxygen  content  [21-22],  In  that  ‘mode'  of  the  target,  the  flux  of  species  sputtered 
off  the  target  and  arriving  at  the  substrate  is  almost  totally  in  molecular  form.  It  is  also 
known  that  metastable  Ne  (Nc*"=  16.62  and  16.71  eV)  can  Penning  ionize  ground  state  Cb 
molecules  (ionization  potential  Ejs  12.1  eV)  whereas  Armetastables  (Ar^  =11  and  11.72 

eV)  cannot  [23-25].  The  product  of  Penning  ionization  (Ne™  +  O2 - >  +  Ne®  +  le)  is 

a  positively-charged  oxygen  species  which  is  readily  attracted  to  the  negatively  biased  target, 
enhancing  target  oxidation.  Tlie  ta^et  surface  no  longer  getters  all  oxygen  fir^  the  plasma, 
making  it  available  for  reaction  with  metal  or  suboxide  species  at  the  substrate.  While  that 
property  of  Ne  is  unattractive  for  forming  metal  suboxides  by  reactive  sputtering,  it  is  very 
convenient  for  forming  high  valence  metal  oxides.  In  addidon,  the  low  mass  of  Ne***  results 
in  a  lower  sputtering  yield  and  hence  lower  deposidon  rate,  llte  mobility  of  species  at  the 
substane  is  not  only  temperature  dependent  but  also  dme  dependent.  For  both  of  these 
reasons,  crystalline  grovt^  is  in  general  enhanced  (disorder^  or  amorphous  growth  is 
minimized)  when  Ne  rather  than  Ar  is  used  as  the  rare  gas  component  of  the  discharge, 
aiding  at  the  formadon  of  highly  orientated  uniepitaxial  dims  (i.e.  polycrystalline  with  sh^ 
fiber  texture)  [26-27]. 


Film  Charaaerization 


Film  thickness  was  determined  using  a  Tcncor  Alpha  Step  Model  200  profilometer  to 
measure  the  height  of  a  step  produced  by  masking  a  region  of  the  substrate  during 
deposidon.  Growth  rate  was  determined  by  dividing  thickness  by  deposidon  dme. 

Crystallography  was  determined  by  double-angle  x-ray  diflracdon  (XRD)  using  Cu  Ka 
radiation  (X  =  1.5418  A)  for  films  grown  on  glass  slides.  Peak  posidon  (20),  intensity,  and 
full  width  at  one-half  of  the  maximum  intensity  (FWHM)  were  measured.  The  diflractometer 
was  calibrated  using  the  (01.1)  diffracdon  peak  of  a  quartz  standard  at  29=26.664:().02^ 
whose  width  is  0.25®.  TTie  interplanar  spacing,  d(hkl}  was  calculated  using  the  Bragg 
equauon  for  n***  order  diffracdon:  d(hkl)=nA/2sin0. 

A  Petidn-Elmcr  Model  330  UV- Visible-Near  IR  double  beam  spectrophotometer  with  a 
specular  reflection  attachment  was  used  to  measure  the  transmittance  and  reflecdon  of  near 
normal  incidence  radiation  in  the  200-650  nm  range  for  films  on  fused  silica.  Measurements 
were  performed  immediately  after  deposition  and  then  again  after  a  period  of  nine  months.  In 
the  transmittance  regime,  a  bare  fused  silica  substrate  was  placed  in  the  path  of  the  reference 
beam  so  that  the  recorded  transmittance  is  due  to  the  transmission  through  the  film  alone. 
Reflectance  measurements  were  made  relative  to  an  A1  mirror.  No  sample  was  placed  in  the 
reference  beam  path.  In  the  energy  region  studied  here,  which  is  near  and  above  the  band 
gap,  the  film  is  highly  absorbing  so  that  reflection  of  the  incident  beam  at  the  film-substrate 
interface  is  minimized,  thus  allowing  the  use  of  Eq.  ( 1)  for  absorption  coefficient  calculadons 
|28|: 


T=1(1-R)'2  exp(-otx)|/(l  -R2cxp(-2ax)l. 


(1) 


T  is  transmittance,  R  is  reflectance,  x  is  film  thickness,  and  a  is  the  absorption  coefficient 
calculated  as  a  function  of  wavelength. 


RESULTS 


Film  thickness,  growth  rate,  and  x-ray  diffraction  results  are  given  in  Tabic  I.  Films 
that  showed  no  x-ray  diffraction  peaks  were  green  in  color  and  arc  referred  to  here  as 
amorphous  vanadia .  Crystalline  films  showed  two  x-ray  diffraction  peaks  attributed  to  first 
and  second  order  diffracdon  of  (010)  planes  of  orthorhombic  vanadia. 

Table  I:  Film  designation,  spuaering  gas  O2  content  (%02),  frlm  thickness  (T).  growth  rate 
(G),  crystal  structure  (CS),  and  int^ayer  spacing  (B). 


Film 

%02 

T(A) 

G<A/mm) 

CS 

B(A) 

A 

2 

1300 

11 

Amorphous 

— 

B 

4 

840 

14 

Amorphous 

— 

C 

10 

890 

7 

(010)  ortho- 
ihomt^ 

4.405 

D 

25 

1300 

11 

(010)  ortho¬ 
rhombic 

4.398 

Figure  2  shows  the  absorption  coefficient  calculated  using  Eq.  1  as  a  function  of 
incident  photon  energy  for  Filim  A,  C  and  D.  The  transmittance  through  as-deposited 
amorphous  Films  A  and  B  is  compai^  to  that  after  a  period  of  nine  months  of  aging  to  test 
fm-  film  stability.  The  results  are  ^own  in  Hg.  3. 


hv,  eV 


Fig.  2:  Absorption  coefficient  as  a  function  of  incident  photon  energy  for  crystalline 
vanadia  Film  C  (-)-)  and  Film  D  (x)  and  amorphous  vanadia  Film  A  (t3). 


Fig.3:  Transmittance  through  Film  A  (+),  and  Film  B  (o)  in  as  deposited  state.  In  the 
aged  state.  Films  A  and  B  are  designate  by  (  x )  and  (*  )  respectively. 


DISCUSSION 


Vanadia  films  grown  in  discharges  of  Oj  content  greater  than  4%  and  at  cathode 
voluge  of  1.6kV  had  a  solely  <010>  orientadon.  i.e  the  films  are  uniepitaxial,  with  the  b 
axis  lying  perpendicular  to  the  substrate.  The  interlayer  spacing  was  alwa^  greater  than  the 
bulk  value  (4.373A).  No  long  range  order  was  detected  in  films  grown  in  O2  content  less 
than  4%.  It  was  previously  repotted  that  the  cridcal  O2  content  nee^  to  produce  ciystaUine 
vanadia  in  Ne/02  discharges  decreased  with  increasing  cathode  voltage  [71],  and  is  less  than 
the  cridcal  O2  content  found  in  Ar/02  discharges  at  1.6  kV,  consistent  with  the  previous 
discussion  of  Penning  ionizadon  of  O2. 

A  comparison  of  the  absorpdon  behavior  of  crystalline  vanadia  Films  C  and  D  and 
amorphous  vanadia  Film  A  in  Rg.  2  reveals  two  main  differences: 

1)  an  absorption  band  with  an  onset  at  2.S  eV  and  centered  at  3.2  eV  present  only  in 
crystalline  vanadia,  followed  by  another  broader  band,  the  onset  of  which  is  at  3.8  eV. 

2)  a  shift  in  the  absorption  edge  for  hv  >  2.8  eV  toward  higher  energy  in  amorphous 
vanadia . 

The  structure  of  the  optical  absorption  curve  of  crystalline  vanadia  can  be  explained  as 
follows.  The  valance  band  in  vanadia  has  an  O  2p  nature.  The  conduction  band  consists  of 
two  split-off  V  3d  bands,  a  feature  characteristic  of  the  symmetry  of  crystalline  vanadia.  The 
lower  V  3d  band  was  first  calculated  by  Bullet  to  be  0.4  eV  wide,  and  separated  by  0.3  eV 
from  the  upper  and  broader  V  3d  band  [29].  The  onset  of  absorption  at  2.S  eV  is  therefore 
attributed  to  electronic  transitions  from  the  O  2p  to  the  lower  V  3d  band.  The  broader,  higher 
energy  band  whose  onset  is  3.8  eV,  is  attributed  to  transitions  from  the  O  2p  to  the  upper  V 
3d  bond.  The  first  spectroscopic  measurements  on  single  crystal  V2O5  to  reveal  such  a  band 
structure  was  performed  by  Mokerov  et  al.  (30).  In  the  real  pan,  n,  aiid  inuiginary  part,  k,  of 
the  complex  refractive  index,  a  band  with  a  maxitiuim  at  2.S  eV  and  0.4  eV  wide,  followed 


by  a  stronger  band  centered  at  2.92  eV  for  polarized  light  with  E  II  a.  and  at  3.15  eV  for  E  II 
c  was  reported. 

The  split-off  V  3d  bands  lose  resolution  in  as-deposited  amorphous  vanadia  films, 
accompanied  by  a  shift  in  the  absorpiiun  edge  to  higher  cncigy.  The  latter  effect  has 
previously  been  observed  to  occur  in  nanocryst^line  vanadia  thin  films  after  Li'*'  intercalation 
to  produce  V'*^  sites  [16].  consistent  with  the  substoichiometric  nature  of  the  amorphous 
films.  Crystalline  films  do  not  age  at  room  temperature,  whereas  anx>rphous  films  do.  We 
attribute  this  aging  to  oxidation  which  annhilates  defects.  A  similar  result  was 
previously  report  for  substoichiometiic  vanadia  on  sapphire  [17]. 
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A  Nb  target  was  sputtered  in  radio  frequency  (if)  Ai/Oi  and  Ne/O;  discharges,  and  films 
were  grown  on  unheated  fused  silica,  <lll>-cut  Si,  and  carbon  ribbon.  The  transition 
from  Nb  metal  to  niobia  film  growth  was  studied  as  a  function  of  three  independent  process 
parameters:  cathode  voltoge,  gas  O2  cr,ntent.  and  rare  gas  type.  On  the  basis  of  x-ray 
diffraction  results,  resistivity,  optical  transmission,  refractive  index,  NbO  ratio,  and  infrared 
absorption  characteristics,  the  following  phases  were  identified  in  the  films:  bcc  Nb, 

NbO,  NbOj,  x-niobia,  amorphous  niobia,  microcrystalline  niobia,  and  crystalline  niobia  (where 
niobia  =  Nb205  _  ,  with  0<x<0.2).  In  situ  optical  spectrometry  of  the  discharge  was 
used  to  monitor  the  emission  intensity  /(A)  of  four  radiative  electronic  transitions  of  the 
neutral  excited  Nb  atom  to  ground  state  (A  =  5344,  5079,  4101,  and  4059  A). 

Changes  m  /(A )  and  the  growth  rate  was  used  to  ( I )  determine  the  set  of  process  parameters 
at  which  target  surface  oxidation  occurred,  and  (2)  estimate  the  fractional  flux  of 
atomic  Nb  and  Nb  bonded  to  O  in  an  unspecified  molecular  form  (Nb-oxide)  incident  on  the 
substrate.  Film  structure  was  found  to  depend  to  some  extent  upon  this  fractional  flux. 

A  phase  map  was  constructed  in  which  film  structure  and  the  Nb  and  Nb-oxide  fractional  flux 
were  graphed  onto  process  parameter  space,  demonstrating  the  equivalent  effect  of 
different  sets  of  process  parameters. 


I.  INTRODUCTION 

Sputter  deposition  involves  film  growth  in  a  low-pres¬ 
sure,  glow  discharge  environment,  usually  far  from  condi¬ 
tions  of  thermodynamic  equilibrium.  A  solid  target  is  bom¬ 
barded  by  energetic  gas  ions,  and  the  ejected  atoms  and 
molecules  are  collected  on  a  substrate  to  form  a  film.  Re¬ 
active  sputter  deposition,  used  in  this  study  to  deposit  nio¬ 
bium  oxides,  involves  the  inclusion  of  O2  in  a  rare  gas 
discharge.  As  a  result,  chemical  reactions  can  potentially 
occur  at  the  target  surface,  in  the  plasma,  and  at  the  sub¬ 
strate.  Precisely  because  sputter  deposition  is  governed  by 
kinetics,  it  is  ideally  suited  for  growing  metastable  phases, 
composite  structures,  and  .'ligh  melting  point  materials 
near  room  temperature. 

In  this  paper,  we  address  process  parameter-growth 
environment-film  structure  relationships  for  the  sputter  de¬ 
posited  Nb-O  materials  system.  The  experiment  consisted 
of  sputtering  an  Nb  target  in  rf  Ar/O:  and  Ne/02  dis¬ 
charges  and  depositing  films  on  unheated  fused  silica, 
(111  >-cut  Si,  and  carbon  ribbon  substrates.  The  transition 
from  Nb  metal  to  niobia  film  growth  was  studied  as  a 
function  of  three  process  parameters:  ( 1 )  tne  cathode  volt¬ 
age,  (2)  the  O2  content  of  the  sputtering  gas,  and  (3)  the 
type  of  rare  gas  used  in  conjunction  with  O2.  These  param¬ 
eters  can  be  independently  varied,  and  combined,  they  de¬ 
termine  other  important  parameters  such  as  discharge 
power,  growth  rate,  and  the  number  of  various  types  of 
oxygen  species  in  the  plasma.'-^ 

In  general,  when  a  target  of  metal  M  is  sputtered  in  an 
02-beanng  discharge,  the  sputtered  target  species  consist 
of  both  M  atoms  and  M  bonded  to  oxygen  in  an  unspeci- 


ficed  molecular  form(s),  denoted  here  “M-oxide.’*^  The 
flux  of  target  species  incident  on  the  growth  interface  will 
therefore  consist  of  both  M  and  M-oxide.  When  studying 
other  sputter  deposited  transition  metal-oxygen  systems 
grown  on  unheated  substrates,  Zr-O,*"’  Y-O,’*’  and 
we  found  that  the  relative  Af -oxide:  M  flux  was  a 
factor  in  determining  the  oxidation  sute  of  M  in  the  film. 
For  this  reason,  optical  emission  s,?ectrDmetry  was  used  in 
this  study  for  in  situ  discharge  diagnostics,  specifically  to 
determine  the  relative  Nb-oxide:  Nb  flux  in  the  plasma, 
and  hence  incident  on  the  growth  interface. 

Post-deoosition  film  characterization  included  x-ray 
diffraction  to  determine  crystallographic  parameters,  four- 
point  probe  measurements  to  obtain  electrical  resistivity, 
Rutherford  backscattering  (RBS)  to  determine  Nb:0 
atomic  ratio,  spectrophotometry  in  the  near-ultraviolet 
visible-near-infrared  spectral  region  to  determine  optical 
transmission  and  refractive  index,  and  infrared  absorption 
spectrometry  to  identify  Nb-O  short-range  atomic  order. 

The  experimental  data  were  used  to  construct  a  “phase 
map.”  First,  film  structure  was  graphed  onto  process  pa¬ 
rameter  space.  Then,  values  of  relative  Nb-oxide:Nb  flux 
incident  on  the  substrate  were  overlayed  on  the  process 
parameter-film  structure  diagram.  The  resulting  map  is  a 
graphical  represenution  of  the  equivalence  of  different  pro¬ 
cess  parameters  on  both  the  film  structure  and  an  impor¬ 
tant  aspect  of  the  growth  environment,  the  Nb-oxide:Nb 
flux. 

The  scientific  purpose  of  constructing  a  phase  map  for 
any  sputter  deposited  system  is  to  enable  us  to  understand 
changes  in  film  structure  in  terms  of  a  changing  growth 
environment,  a  first  step  towards  modeling  metal  oxide 


‘'Author  to  whom  corrapondence  should  be  iddnucd. 
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growth  by  sputter  deposition.  An  important  technological 
outcome  is  that  another  investigator  using  the  information 
about  the  equivalence  of  process  parameters,  graphically 
represented  by  the  phase  maps,  will  be  able  to  make  edu¬ 
cated  decisions  when  designing  an  experiment  to  obtain 
specific  film  properties  even  if  no  means  of  in  situ  discharge 
diagnostics  is  available. 

II.  EXPERIMENTAL  PROCEDURE 

A.  Film  grcuvth 

Films  we:  ^rown  in  a  radio  frequency  (rf)  diode  ap¬ 
paratus  operated  at  13.56  MHz  by  sputtenng  a  13-cm- 
diam,  99. 97*?,  pure  Nb  target  bonded  to  a  water-cooled  Cu 
cathode.  Supersil  fused  silica.  <  1 1 1  )-cut  Si,  and  carbon  foil 
substrates,  each  required  for  different  post-deposition  ana¬ 
lytical  techniques,  were  placed  on  a  water-cooled  Nb- 
coated  Cu  pallet  covering  the  anode.  The  anode-cathode 
spacing  was  6  cm. 

The  chamber  was  evacuated  to  <5x10“’  Torr  with  a 
liquid  N.-trapped,  hot  Si-base  oil  diffusion  pump  and  back¬ 
filled  with  the  sputtering  gas  to  a  total  pressure  of 
l  x  10  “  ‘  Torr.  The  sputtenng  gas  consisted  of  O; 
(99  99%)  and  a  rare  gas.  Ne  (99.996%)  or  Ar 
(99.999%).  The  total  gas  pressure  was  measured  with  a 
capacitance  manometer.  Each  component  of  the  sputtering 
gas  was  introduced  separately  into  the  chamber.  Rare  gas/ 
O2  ratios  were  established  using  an  MRS  Baratron  Series 
260  control  system,  model  258  flow  transducers,  and  model 
248A  solenoid  control  valves. 

Two  presputters  preceded  each  deposition.  The  first 
pre«f  utter  was  earned  out  in  rare  gas  for  -60  min,  and  its 
purpose  was  to  remove  the  oxide  layer  that  had  formed  on 
the  target  surface  upon  exposure  to  air.  The  second  pre¬ 
sputter  was  earned  out  for  -20  min  in  the  rare  gas/O: 
mixture  used  to  deposit  the  film,  and  its  purpose  was  to 
allow  time  for  discharge  and  target  surface  reactions  to 
reach  dynamic  equilibnum.  The  movable  shutter  that  cov¬ 
ered  the  substrates  was  then  removed  and  films  were  de¬ 
posited. 

The  nominal  sputtering  gas  composition  used  in  this 
study  ranged  from  100%  rare  gas  to  rare  gas/50%  Oj,  and 
the  cathode  voltage,  measured  peak-to-peak  dunng  a  13.56 
MHz  rf  cycle,  ranged  from  —  1.3  to  -  2.2  kV.  The  largest 
cathode  voltage  used  to  operate  Ne/O^  discharges  was 
—  19  kV,  in  comparison  to  a  maximum  voltage  of  —  2.2 
kV  used  to  operate  Ar/Oj  discharges.  The  reason  is  that 
Se/Oi  discharges  became  unstable  when  excited  by  a  volt¬ 
age  greater  than  —  1.9  kV.  Specific  combinations  of  pro¬ 
cess  parameters  used  to  grow  the  films  are  recorded  in 
Table  I. 

B.  In  Bitu  dlaoh*rg«  dlaonoatica 

An  optical  spectrometer  with  1200  and  2400 
groove/mm  holographic  gratings  capable  of  0  5  A  resolu¬ 
tion  in  the  near-ultraviolet  to  near-infrared  spectrum  was 
used  to  sample  radiation  of  wavelength  A  emitted  between 
the  anode  and  cathode  through  an  optical  window  with  a 
cutoff  wavelength  at  3200  A.  The  window  was  shuttered 
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when  not  in  use.  and  furthermore,  its  transmission  charac¬ 
teristics  were  penodically  checked  for  intensity  changes 
caused  by  coating  with  sputtered  flux  dunng  the  experi¬ 
ment. 

The  optical  emission  intensity,  /(A),  of  four  radiative 
electronic  transitions  of  the  excited  neutral  Nb  atom  to 
ground  state,  at  A  =  4059,  4101,  5079,  and  5344  A,'*  were 
monitored.  Assuming  the  condition  of  an  optically  thin 
plasma  in  local  thermal  equilibrium,  /(A)  is  proportional 
to  the  number  of  ground  sute  Nb  atoms  in  the  dis¬ 
charge.” "  As  will  be  shown  in  Sec.  Ill  F.  an  estimate  of 
the  fractional  Nb  and  Nb-oxide  flux  incident  on  the  growth 
interface  during  deposition  can  be  made  using  /(A)  and 
growth  rate  data.*  Furthermore,  changes  in  /(A)  were 
used  to  determine:  ( 1 )  when  each  step  of  the  presputter 
process  had  been  completed,  and  (2)  the  set  of  critical 
process  parameters  at  which  an  oxide  layer  was  formed  at 
the  target  surface.'*  *' 

C.  Post-depoaition  film  characterization 

The  film  thickness  was  measured  with  a  profilometer 
from  a  step  produced  by  masking  part  of  the  fused  silica 
substrate  duiing  deposition.  The  growth  rate  was  deter¬ 
mined  by  dividing  the  value  of  film  thickness  by  the  dep¬ 
osition  time.  The  resistivity  was  measured  with  a  four- 
point  probe,  with  an  upper  limit  of  10“^  fsCl  cm. 

The  crystallography  of  films  grown  on  fused  silica  and 
< 1 1 1  )Si  was  determined  by  double-angle  x-ray  diffraction 
(XRD)  using  unresolved  Cuffa  radiation  (A  =  1.5418  A). 
XRD  peak  position  (20^0.02*),  maximum  peak  intensity 
(/),  and  full  width  at  one  half  maximum  intensity 
(FWHM)  were  measured.  The  diffractometer  was  cali¬ 
brated  using  the  {01.1}  diffraction  peak  of  a  quartz  stan¬ 
dard  at  20  =  26.66  ±0.02*  whose  FWHM  is  0.18*, 

In  addition,  one  or  more  of  the  following  measure¬ 
ments  were  made  on  selected  films.  Double-beam  spectro¬ 
photometry  was  used  to  determme  the  optical  transmis¬ 
sion,  r(A),  as  a  function  of  incident  photon  wavelength.  A, 
of  films  grown  on  fused  silica.  For  a  transparent  film  of 
thickness  d.  the  refractive  index,  n(A),  was  determined 
from  the  spacing  of  adjacent  maxima,  at  A,  and  Aj,  on 
r(A)  vs  A  curves  using  the  expression:” 

2d=l(/i,/A,)-(n2/A2)]“'.  (1) 

Rutherford  backscattering  spectrometry  was  used  to  mea¬ 
sure  the  Nb:0  atomic  concentration  ( ±  <  10% )  of  films 
grown  on  carbon  foil  using  2-MeV  He  ’  ions  as  the  bom¬ 
barding  species.  Founer  transform  infrared  spectrometry 
was  used  to  determine  absorption  due  to  lattice  vibrations 
in  films  grown  on  <lll>Si.  This  measurement  yielded  in¬ 
formation  about  short-range  Nb-O  atomic  order. 

ill.  RESULTS  AND  DISCUSSION 
A.  Discharge  charactsristics 

Values  of  rf  forward  power  and  growth  rate  are  re¬ 
corded  in  Table  I.  and  shown  as  a  function  of  gas  O2 
content  for  constant  values  of  cathode  voltage  in  Figs.  I 
and  2. 1(A)  relative  to  its  value  in  a  pure  rare  gas  discharge 
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TABLE  I.  Cathode  voltage  ( K,)  and  ttammal  gu  compouuoo,  uied  to  grow  NM}  films,  and  the  resulting  tf  fonvard  power  in  the  discharge  IP),  film 
thicknesa  (dl.  and  growth  rate  (G),  film  resisuvity  (p).  and  visual  appearance 


Film 

y. 

(  -kV) 

Rare 

|U 

960: 

P 

(W) 

iP 

(kA) 

G 

(A/min) 

p“ 

(10  lid  cm) 

Appetrance' 

1 

2.2 

At 

0 

580 

7.2 

243*9 

2.4  *0.1 

g-' 

2. 

2.2 

At 

2 

560 

9.2 

272*3 

39*0.1 

J.r 

3. 

2.2 

Ar 

4 

570 

11.2 

249*6 

13*1.0 

g-' 

4. 

2.2 

Ar 

6 

560 

15.5 

200*8 

44*1.0 

5. 

2.2 

At 

8 

570 

84 

133*3 

nc 

c.t 

6. 

2.2 

At 

10 

580 

6.5 

•08*4 

nc 

c,t 

7. 

2.2 

Ar 

50 

640 

4.9 

82*2 

nc 

c.t 

8. 

1.9 

Ar 

0 

430 

84 

200*10 

20*0.1 

g<' 

9. 

19 

At 

2 

430 

18.7 

210*10 

6.4  VI 

g.' 

10. 

19 

Ar 

4 

<30 

149 

219*7 

I..  ;.o 

g.' 

II. 

19 

At 

6 

440 

5.8 

82*4 

nc 

c,t 

12. 

1.9 

At 

8 

450 

6  8 

85*2 

nc 

c,t 

13. 

19 

Ar 

iC 

450 

5.4 

76*1 

nc 

C,t 

14 

1.9 

Ar 

50 

480 

5.0 

56*5 

nc 

c,t 

IS 

1.6 

Ar 

0 

320 

3.6 

156*4 

3.6*02 

g.' 

16. 

16 

Ar 

2 

350 

11.6 

143 --3 

24*1.0 

g-' 

17. 

16 

Ar 

4 

370 

6  1 

1 

nc 

c.t 

18. 

l.b 

Ar 

6 

380 

6.1 

70*1 

nc 

c.t 

19 

1.3 

Ar 

0 

230 

3.2 

106*3 

20*0.1 

g.' 

20. 

13 

Ar 

2 

220 

4.7 

58*1 

nc 

c.t 

21. 

13 

Ar 

4 

220 

39 

48*1 

nc 

c.t 

22. 

19 

Ne 

0 

420 

2.0 

88*6 

5.3*05 

g.' 

23. 

19 

Nc 

2 

420 

l.l 

53*7 

450*120 

24. 

19 

Ne 

4 

470 

nc 

C,t 

25. 

19 

Nc 

6 

480 

2.8 

40*2 

nc 

c.t 

26. 

19 

Ne 

8 

500 

3.2 

40*2 

nc 

c.t 

27. 

1.9 

Ne 

10 

500 

nc 

c.t 

21. 

1.9 

Nc 

50 

4*0 

2.9 

44*3 

nc 

e.i 

29. 

1.6 

Nc 

0 

240 

1.4 

61*6 

1.1*01 

1.4 

30. 

16 

Nc 

2 

270 

0.9 

41*4 

nc 

c.t 

31. 

1.6 

Nc 

4 

280 

0.9 

32*4 

nc 

c.t 

32. 

1.6 

Ne 

50 

350 

3.0 

33*1 

nc 

cj 

33. 

1.3 

Ne 

0 

170 

0.9 

48*6 

2.0*3 

t.' 

34 

1.3 

Ne 

2 

180 

0.4 

25*3 

nc 

e,i 

35. 

13 

Ne 

4 

180 

1.2 

19*2 

nc 

c.t 

36. 

1,3 

Ne 

SO 

220 

1.7 

21*1 

nc 

c.t 

'Measured  by  profilomeier  fmin  a  step  on  films  grown  on  fused  silica.  Each  value  represents  a  set  of  measurements.  The  standard  deviation  is  not  shown 
in  the  Table.  However,  it  is  used  to  calculate  the  error  in  G  tabulated  here. 

V  for  bulk  Nb  meui  »  U.7  utl  cm;  nc  3;  nonconductor,  esceeds  probe  limns  of  10'°  ufl  cm. 

»  gray,  c  >=  colorless,  r  w  reflecting.  1  3  transparent 


operated  at  the  same  cathode  voluge  is  shown  in  Fig.  3  as 
a  function  gas  O2  content. 

It  can  be  seen  from  Fig.  2  that  the  growth  rate  rapidly 
decreases  after  a  small  amount  of  O2  is  added  to  the  dis¬ 
charge.  and  then  either  remains  constant  or  decreases  more 
slowly.  This  phenomenon  is  well-documented  in  the  sput¬ 
ter  deposition  literature,  and  is  associated  with  the  forma¬ 
tion  of  an  oxide  layer  at  the  target  surface  that  offers  a 
barrier  to  sputtering  greater  than  that  offered  by  the  metal. 

It  can  be  seen  from  Fig.  3  that  Rel.  /(A)  either  van¬ 
ishes  or  decreases  to  a  small  value  after  a  smaU  amount  of 
Oj  IS  added  to  the  discharge.  This  result  indicates  that 
atomic  Nb  is  either  no  longer  present  in  the  plasms  or  its 
amount  has  been  greatly  reduced;  Nb-oxide  is  sputtered 
from  the  oxidized  urget  surface  layer. 

The  gas  O.  content  at  which  both  the  growth  rate 
decreases  and  Rel  /(A)  vanishes  or  is  greatly  reduced  is 
denoted  “Of".  In  the  case  of  Ar/O;  discharges.  Of  in¬ 
creases  with  increasing  and  is  equal  to  2,  4,  6.  and  8% 


O2  for  —  1.3,  —  1.6,  —  1.9,  and  —  2.2  kV  discharges, 
respectively.  Similar  behavior  has  been  reported  for  other 
target  materials  sputtered  in  Ar/02  discharges,*  *  '®  '^  and 
IS  attributed  to  increased  dissociation  of  the  target  surface 
oxide  under  bombardment  by  more  energetic  Ar  ions  as 
V,  is  increased.  Of  is  equal  to  2%  in  the  case  of  Ne/02 
discharges  operated  at  -  1.3.  -  1.6,  and  -  1.9  kV. 

It  can  be  seen  from  Fig.  1  that  the  rf  forward  power 
does  not  change  abruptly  at  Of.  This  result  indicates  that 
the  electrical  impedence  of  the  deposition  setup  does  not 
change  significantly  upon  target  surface  oxidation.  Similar 
behavior  was  found  when  V  (Refs.  10  and  14)  and  Au 
(Ref.  20)  urgets  were  sputtered  in  02-bearing  discharges. 
It  was  hypothesized  that  oxides  with  secondary  electron 
emission  characteristics  similar  to  v  or  Au  metal  were 
formed  at  the  target  surface.  The  Y-O  system  offers  a  con¬ 
trast  to  this  behavior.  The  formation  of  a  target  surface 
layer  of  yttna,  which  is  a  more  efficient  secondary  electron 
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FIG.  I .  rf  forward  power  in  the  discharge  as  a  function  of  gas  O;  content 
in  (a)  Ar/O]  and  (b)  Ne/Oj  discharges. 


FIG.  3.  Relative  optical  emission  intensity  from  excited  Nb  atoms  in  the 
plasma  in  (a)  -  2.2  kV,  (b)  -  1.6  kV.  and  (c)  —  13  kV  Ar/O;  dis¬ 
charges,  where  X  m  S344  A  (arcles),  3079  A  (tnangks).  and  4039  A 
(squares),  and  (d)  -  1.9  kV.  (el  -  1.6  kV.  and  (f)  -  1.3  kV  Ne/Ck 
diaidiarges.  where  2  »  3079  A  (circles).  410)  A  (triangles),  and  4039  A 
(squares).  Each  dau  point  represenu  the  average  value  of  at  least  three 
measurements. 


0  10 
GAS  %02 

FIG.  2.  Film  growth  rate  as  a  function  of  gas  O,  content  in  (a)  Ar/Oj 
and  (b)  Ne/O,  discharges. 


emitter  than  yttrium  metal,  caused  the  discharge  power  to 
double  at  Of.*’ 

B.  Film  prepcrtlM 

Crystallography:  The  crystallography  of  films  grown  on 
fused  silica,  obtained  from  XRD  measurements*'  is  re¬ 
corded  in  Table  II.  Films  on  <Ill>Si  using  the  same 
growth  conditions  yielded  similar  results.  Represenutive 
diffraction  patterns  are  presented  in  Figs.  4(a)-4(d), 
which  show  how  film  structure  changes  as  the  cathode 
voluge  is  decreased  [Fig.  4(a)  —4(b)  —4(c)]  or  as  the  gas 
O2  content  is  increased  [Fig.  4(a)— 4(d)]. 

Phase  transitions  of  the  suble,  bulk,  room-temperature 
components  of  the  Nb-O  system  are  as  follows.-^'“  Nb 
(bcc)  — NbO  (cubic,  NaCl  structure)— NbOj  (tetrago¬ 
nal )— NbjOj  _ ,  with  0<x<0.2  (many  related  forms,  col¬ 
lectively  called  "niobia"  here).  The  Nl^O,  _  ,  series,  which 
terminates  in  NbjOy  and  whose  precise  crystal  structure  is 
still  under  investigation,  is  based  on  building  blocks  of  the 
ReO)-type  lattice  separated  by  planes  along  which  crystal¬ 
lographic  shear  produces  defects;  nonstoichiometry  is  ac¬ 
comodated  by  crystallographic  shear. 

Nb,  NbO,  and  NbOj  phases  present  in  bulk  material 
are  also  formed  in  the  sputter  deposited  films.  Films  I,  8, 
and  1 S,  grown  in  Ar  discharges  operated  at  -  1 .6  to  -  2.2 


2007  J.  Appl.  Ptiys..  Vot.  70.  No.  4.  15  August  1091 


R.  C.  Lae  and  C  R  Aita  2097 


TABLE  II.  CrysuUofrspby  of  NbO  Sinn  sputief  dcpouud  on  fused  ttlica:  the  dilfraction  u(le  (2d),  full  width  et  one-half  maximum  mteniity 
(PVHM),  peak  assignment,  and  rclauve  uitensity. 


Film 

V, 

(  -kV) 

Rare 

■>* 

%  O, 

29 

(deg) 

FWHM* 

(deg) 

Plane 

Rd.  1 

1. 

2.2 

At 

0 

38.16 

0.77 

110  Nb 

100 

69.31 

1  64 

211  Nb 

10 

2. 

2.2 

Ar 

2 

38.00* 

0.81 

no  Nb 

100 

69.14 

1.44 

211  Nb 

4 

3. 

2.2 

Ai 

4 

38.14 

1.70 

110  Nb-f-  Hi  NbO 

100 

4. 

2.2 

Ar 

6 

35.9r 

0.84 

301,431  NbO, 

24 

-37 

III  NbO 

41.43 

0.47 

620  NbO, 

100 

J. 

2.2 

Ar 

8 

no  diflnction  peaks 

6. 

2.2 

Ar 

10 

no  difftaction  peaks 

7. 

2.2 

At 

30 

-27.33.49* 

NlhO, 

8. 

1.9 

Ar 

0 

38.36 

110  Nb 

100 

9 

1.9 

At 

2 

38.11 

1.49 

110  Nb-f 

77 

-37.2' 

111  NbO 

69.32 

1.23 

211  Nb-I-''' 

100 

10. 

1.9 

AT 

4 

37.2-38.4 

III  NbO-i-S 

NbO,  planes 

42 

67.3-70.5 

100 

104-110 

420,331  NbO 

30 

II 

19 

At 

6 

no  diffraction  peaks 

12. 

19 

Ar 

8 

no  diffraction  peaks 

13 

19 

At 

10 

no  diffraction  peaks 

14. 

19 

Ar 

50 

no  diffraction  peaks 

13. 

1.6 

Ar 

0 

38.19 

0.76 

no  Nb 

100 

69.30 

1.39 

211  Nb 

31 

16. 

1.6 

At 

2 

3S.68» 

222  NbO, 

100 

-36.2-40 

III  NbO-l-4 

NbO,  planes 

40.92 

0.91 

620  NbO, 

40 

17. 

1.6 

Ar 

4 

no  diffiaciion  peaks 

IS. 

1.6 

Ar 

6 

no  diffraction  peaks 

19. 

1.3 

At 

0 

37.31 

106 

no  Nb-f7 

100 

67.51 

1.93 

211  Nb-y? 

59 

20. 

1.3 

Ar 

2 

no  diffraction  peaks 

21 

1.3 

Ar 

4 

no  diffractran  peaks 

22. 

1.9 

Ne 

0 

37.83 

0.95 

no  Nb 

100 

23. 

19 

Ne 

2 

no  diffraction  peaks 

24. 

1.9 

Ne 

4 

no  diffraction  peaks 

23. 

19 

Ne 

6 

no  diffraction  peaks 

26 

1.9 

Ne 

8 

no  diffraction  peaks 

27. 

1.9 

Ne 

10 

no  diffraction  peaks 

2S. 

1.9 

Ne 

50 

27.37 

0.40 

Nb-O, 

100 

-33 

Nb,0, 

49.29 

070 

Nbjo, 

70 

29. 

1.6 

Ne 

0 

37  21 

1.3 

no  Nb  -1-  ? 

100 

30 

16 

Ne 

2 

no  diffraction  peaks 

31. 

1.6 

Ne 

4 

no  diffraction  peaks 

32 

1.6 

Ne 

30 

no  diffraction  peaks 

33. 

13 

Ne 

0 

-32-39 

no  Nb-f’ 

34. 

1.3 

Ne 

2 

no  diffraction  peaks 

33. 

13 

Ne 

4 

no  diffraction  peaks 

36. 

1.3 

Ne 

so 

no  diffraction  peaks 

TWHM  of  the  (01. 1 )  diffraction  peak  of  a  quartz  standard  al  20  26.Mi0.0r  is  O.lt*. 

*Fi|ure  4(a) 

‘Figure  4(d). 

*The  precise  simcture  of  Nb-O;  has  yet  to  be  detemuned.  Therefore,  plane  assignment  is  not  puiible. 

'Appears  as  a  shoulder  on  (110}  Nb  peak.  Figure  4(b) 

'a  question  mark  throughout  this  table  indicates  s  broad  peak  or  shoulder  whose  assignment  is  ambiguous;  iherefore  none  a  made. 
•Figure  4(c). 


kV,  film  2  grown  in  a  —  2.2  kV,  Ar  discharge  (Fig. 
4(a)],and  film  22.  grown  in  a  —  1.9  kV,  Ne  discharge,  are 
bcc  Nb  with  a  strong  preferred  or  sole  {110}  onentation. 


Broad  peaks  and  20  values  shifted  to  lower  angle  than 
expected  for  {1 10}  bcc  Nb  planes  are  observed  in  the  dif¬ 
fraction  patterns  of  film  19,  grown  in  a  —  1  3  kV.  Ar 
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FIG  4  X-ray  diffraction  iniouity  vt  26  for  (a)  film  2.  Mb.  tb)  film  9. 
Nb  -i-  NbCi,  ic)  film  16,  NbO  NbO-.  and  (d)  film  4,  NbO  +  NbO;. 


discharge,  and  films  29  and  33,  grown  in  Ne  discharges 
operated  at  —  t.3  and  —  1.6  kV,  suggesting  that  another, 
yet-to-be  identified,  structure  may  be  present  in  these  film- 
sin  addition  to  bcc  Nb. 

NbO  and  NbO;  exist  as  components  of  mixed-phase 
structures  formed  when  using  Ar/O;  discharges  (films  3, 
4,  9,  10,  and  16).  Crystalline  niobia  was  formed  only  when 
a  -  1.9  kV,  Ne/50%  Oj  discharge  was  used  (film  28). 
Film  7,  grown  in  an  -  2.2  kV,  Ar/50%  O;  discharge,  is 
identified  as  microcrystalline  niobia  on  the  basis  of  three 
broad,  low  intensity  peaks.  In  general,  however,  films  pro¬ 
duced  in  discharges  with  gas  O;  content  >Of  have  no 
long-range  crystallographic  order.  We  shall  refer  to  these 
films  as  ‘'amorphous'*,  but  in  fact  they  may  contain  micro¬ 
crystallites  whose  size  is  beyond  the  detection  limit  of  the 
XRD  expenment. 

Resistivity:  The  resistivity  of  films  grown  on  fused  silica 
are  recorded  in  Table  I  Relating  resistivity  to  crystallog¬ 
raphy,  Nb  metal  films  have  values  of  electrical  resistivity 
ranging  from  11  to  53  ftii  cm.  These  values  are  in  reason¬ 
able  agreement  with  bulk  Nb  metal,  12.7  fxli  cm.  consid¬ 
ering  the  interfacial  sources  for  electron  wave  scattering 
within  a  thin  film. 

Bulk  NbO  is  a  metallic  conductor  and  NbO;  is  a  semi¬ 
conductor  with  a  band  gap  of  0.88  eV  (Refs.  27  and  28). 
Nb  NbO  films  3  and  9  have  values  of  p  =  66-130 
pft  cm.  NbO  -I-  NbO;  films  4,  10,  and  16  have  values  of 
p  =  .180-440  fiii  cm,  an  order  of  magnitude  larger  than  Nb 
metal  films.  Microcrystalline  niobia  film  7  and  crystalline 
film  28  are  insulating,  as  are  all  of  the  amorphous  films 
with  the  exception  of  film  23  which  has  a  resistivity  of 
4.5  X  10^  pft  cm. 

Visual  appearance:  The  visual  appearance  of  films 
grown  on  fused  silica  i<  recorded  in  Table  1.  Nb, 
Nb  +  NbO,  and  NbO  +  NbO;  films  are  reflecting  and  gray 
in  color.  Crystalline  and  mtcrocrystslline  niobia  films  are 
transparent  and  colorless.  Films  with  no  long-range  crys¬ 
tallographic  order  are  iransparent  and  colorless,  with  the 
exception  of  film  23,  which  is  transparent  and  gray. 


WAVELENGTH  [  nm) 


FIG.  S.  kefnctive  index  for  niobia  films  grown  in  Ar/0,  discharges 
operated  at  (a)  -  2.2  kV  and  i%  ( circles / .  '0%  (squates).  and  50% 
(diamonds)  O,;  (b)  -  1.9  kV  and  6%  (circles).  8%  (squares).  \0% 
(diamonds),  and  SO^  (mangles)  O.;  (c)  -  1.6  kV  and  *%  (circles). 
b%  ( squarrs )  O,.  and  ( d )  -  1  3  k V  and  2%  ( circles )  and  *%  ( squares ) 
O,. 


Identification  of  transparent  amorphous/ microcrys¬ 
talline  films:  In  order  to  identify  the  transparent,  colorless, 
insulating  amorphous/microcrystalline  films,  we  probed 
their  chemistry,  optical  refractive  index,  and  short-range 
order.  RBS  measurements  showed  that  the  Nb:0  atomic 
ratio  of  films  grown  on  carbon  ribbon  included  in  the  same 
sputtering  run  as  films  5-7,  11-14,  17,  18,  20,  and  21 
ranged  from  0.39  to  0.43.  These  values  are  in  good  agree¬ 
ment  with  stoichiometric  niobia.  in  which  Nb:0  =  0.38- 
0.42  after  taking  into  account  the  ±  10%  error  inherent  in 
the  RBS  measurement. 

The  refractive  index  of  films  5-7.  11-14,  17,  18,  20, 
and  21.  determined  in  Ihe  0.4- 1.6  pm  spectral  region  using 
E<1.(  1),  is  shown  in  Figs.  5(a)-5(d).  [Films  grown  in  Ne/ 
O;  discharges  were  too  thin  to  generate  a  set  of  interference 
fringes  from  which  to  calculate  n(A ).]  The  refractive  index 
was  found  to  equal  2. 4-2.7  at  0.5  pm  and  ~2.5  at  1  pm  for 
films  grown  in  Ar/O;  discharges  operated  —  1.6,  —  1.9, 
and  —  2.2  kV.  The  refractive  index  is  slightly  lower  for 
films  grown  in  —  1.3  kV.  Ar/O;  discharges,  with  a  =  2.5  at 
0.5  pm.  These  values  are  in  excellent  agreement  with  mea¬ 
surements  on  anodic  Nb;05  coatings*^  and  larger  than  re¬ 
ported  for  sputter  deposited  films,  n  =  2.24-2.28  at  0.63 
pm.^  For  all  films,  the  onset  of  the  fundamental  optical 
absorption  edge  occurred  at  ~0.35  pm  (3.5  eV),  and  n{A) 
rose  rapidly  there. 

The  infrared  transmission  spectrum  horn  a  film  grown 
on  Si  dunng  the  same  sputtering  run  as  film  5  is  shown  in 
Fig.  6,  curve  A.  (Duplicate  films  on  Si  are  denoted  by  a 
"prime"  hereafter  in  the  text).  This  spectra  is  representa¬ 
tive  of  all  transparent,  colorless,  amorphous  films.  The  IR 
transmission  spectrum  of  microcrystalline  film  T  is  shown 
in  curve  B.  For  companson.  data  obtained  from  crystalline 


M 


2099  J.  Appl.  Phya.,  Vol.  70,  No.  4,  15  August  1991 


R.  C.  Ln*  and  C.  R.  AiU  2099 


looo  500 


WAVENUMBER  (cm-i] 

FIG.  6.  Infrared  transnmsion  as  a  function  of  wave  number  for  (4)  dim 
ainorpbous  niobia,  (S)  film  T.  microcrystalline  niobia,  (O  film  28r. 
crysiallinc  niobia.  and  (D)  film  23'.  amorphous  a-niobia. 


niobia  film  28'  is  shown  in  curve  C.  From  Fig.  6,  it  can  be 
seen  that  a  major  double-peaked,  IR  absorption  band  oc¬ 
curs  between  500  and  900  cm  "  '  for  all  transparent,  col¬ 
orless.  insulating  films.  The  width  of  the  band  and  its  gen¬ 
eral  shape  are  characteristic  of  bulk  niobia. There  is  a 
difference,  however,  between  the  spectra  of  films  that  have 
no  long-range  order  (curve  A )  compared  to  that  of  micro- 
crystalline  (curve  B)  and  crystalline  (curve  C)  films;  in 
the  former  there  is  a  shift  in  the  maxima  of  both  absorption 
peaks  to  higher  wave  number.  The  correlation  between  IR 
absorption  and  normal  modes  of  vibration  of  groups  of 
atoms  in  niobia  is  as  yet  unknown.  Therefore,  the  signifi¬ 
cance  of  the  shift  in  the  maxima,  in  terms  of  specific 
Nb— O  bonding  configurations  cannot  be  determined  at 
present. 

Based  on  the  above  RBS.  refractive  index,  and  IR 
transmission  measurements,  the  transparent,  colorless, 
amorphous/microcrystalline,  insulating  films  produced 
here  are  identified  as  niobia.  Film  23,  grown  in  a  -  1.9  kV. 
Ne/0}  discharge,  is  also  transparent  and  amorphous,  al¬ 
though  it  is  gray  in  color  and  has  a  finite  resistivity, 
4.3  X  Kl’  fid  cm.  Its  optical  transmission  spectrum,  which 
is  shown  Fig.  7.  curve  A,  has  a  shon-wavelength  cut-off 
identical  to  the  transparent,  colorless,  insulating  films,  rep- 
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FIG.  7  Fercent  optical  traiumiuion  through  (a)  him  23,  l.l-nm-ihick 
x-niobia,  and  (b)  film  33.  l.2-nm-ii,ick,  amorphous  niobia. 


resented  by  curve  B  taken  from  film  35.  which  is  of  com¬ 
parable  thickness  to  film  23.  This  result  indicates  that  there 
IS  a  niobia  constituent  in  film  23.  The  IR  absorption  spec¬ 
trum  of  film  23  is  shown  in  Fig.  6,  curve  D.  \  comparison 
with  curves  A~C  for  amorphous  niobia  shows  both  simi¬ 
larities  and  differences.  The  low  wave  number  peak,  at  610 
cm~  '  is  also  present  the  niobia  spectra,  at  540  and  615 
cm  ~  However,  this  peak  has  a  shoulder  at  700  cm  ~  '  in 
film  23.  Furthermore,  there  is  still  considerable  absorption 
in  film  23  at  1000  cm  ~  The  question  to  be  answered  at  a 
later  time  is  this;  what  bonding  structure  of  Nb  and  O  in 
film  23,  present  either  as  a  second  phase^^  or  in  a  random 
bonding  configuration.^’  causes  both  optical  absorption  in 
the  visible  spectrum  and  electrical  conductivity?  Film  23  is 
denoted  here  *‘x-niobia". 

C.  A  phtM  map  for  tha  sputtor  depoaltad  Nb-0 

ayatam 

The  phases  and  structures  present  in  the  sputter  depos¬ 
ited  Nb-O  films  studied  here  are  graphed  onto  cathode 
voltage-gas  Oi  content  space  in  Fig.  8  for  (a)  Ar/Oj  and 
(b)  Ne/Oj  discharges.  It  can  be  seen  that  niobia  is  formed 
over  most  of  the  process  parameter  space  investigated  here. 
When  films  were  grown  in  Ar/Oj  discharges,  the  transition 
from  Nb  to  niobia  growth  was  accomplished  through  in¬ 
termediate  structures  (Nb  -i-  NbO  and  NbO  +  NbOj)  in 
which  phase  mixing’’  occurred,  as  though  the  system  were 
in  thermodynamic  equilibrium.  Decreasing  the  cathode 
voltage  shifts  the  onset  of  the  formation  of  the  intermediate 
structures,  as  well  as  niobia.  to  lower  gas  O-  content.  The 
intermediate  structures,  Nb  +  NbO.  NbO  +  NbOj,  are  ab¬ 
sent  from  the  films  when  Ne/Oj  discharges  are  used.  Nio¬ 
bia  is  formed  in  Ne/02  discharge  at  gas  Oi  content  >2%. 
although  x-niobia  contains  an  additional  yet-to-be-identt- 
fied  component  responsible  for  its  electrical  conductivity 
and  gray  color. 
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FIG  8  Phase  map  for  the  Nb— O  system  showing  the  phases  present  (bcc 
Nb  (circles),  Nb  +  NbO  (squares).  NbO  i-  NbO;  (diamoiKls).  x-niobia 
(dark  square).  amorpiKxu  and  microcrystalline  niobu  (Inanglea),  and 
crysialline  mobu  (diamond))  as  a  function  of  gas  O;  content  and  cathode 
voltage  for  ( a)  Ar/O,  and  (b)  Ne/O,  discharges.  The  solid  lines  indicate 
the  boundanes  of  the  niobia  phase  field.  The  dashed  lines  indicate  regions 
of  specific  values  of  /4'(Nb-oside).  determined  from  Eq.  (7). 


Changes  in  the  him  structure  will  next  be  related  to  the 
fractional  flux  of  gaseous  Nb  and  Nb-oxide  species  incident 
on  the  growth  interface.  We  will  use  the  following  formal¬ 
ism’'^  to  estimate  this  flux,  written  here  for  the  general 
case  of  a  metal  (M)  target  sputtered  in  an  Oj-beaiing  dis¬ 
charge.  LetA  =  total  flux  of  metal,  M,  in  all  forms  amving 
at  the  substrate  relative  to  its  value  in  a  pure  rare  gas 
discharge  operated  at  the  same  cathode  voltage.  Metal  can 
arrive  in  atomic  form  or  bonded  to  O  as  an  oxide  molecule, 
so  that  the  total  flux  of  M  is  equal  to 

A=A{M)  +  A{M-oxide).  (2) 

Assuming  unity  sticking  coefficient, 

/<  =  G'(p(A/-oxide)/p(jt/),J,  (3) 

where  G'  is  growth  rate  relative  to  its  value  in  rare  gas  and 
p(Af-oxide),  and  piM)^  are  the  bulk  atomic  densities  of 
the  solid  phases  condensed  on  the  substrate.  For  an  opti¬ 
cally  thin  plasma  in  local  thermal  equilibrium 

(4) 


where  is  the  Einstein  coefficient  of  the  optical  transi¬ 
tion,  h  is  Planck's  constant,  c  is  the  speed  of  light  in  vac¬ 
uum.  and  Ni  is  the  number  of  atoms  tn  the  upper  state.” 
Therefore, 

Rel.  /(A)  =  Rel.  lV*  =  Rel  S,=A(M).  (5) 

where  Rel.  /(A)  is  the  intensity  and  Rel.  N^,  Rel.  .N,  are 
the  number  of  upper  state,  ground  state  atoms  relative  to 
their  values  in  a  pure  rare  gas  discharge  operated  at  the 
same  cathode  voluge.  Using  Eq.  (2) 

i4(Af -oxide)  =A-A{M) 

=  IG’p(A/.oxide)/p{A/).]-Rel./(A).  (6) 

Dividing  Eq.  (6)  by  the  total  flux  of  target  atom-bearing 
species  to  the  substrate,  yields  the  fraction  of  the  flux  that 
is  iif -oxide. 


The  fraction  of  the  flux  that  is  atomic 
=  {Rel.  /(A)/(C'p(A/-oxide)y'p(A/)J}. 

i4'(Nb-oxide)  was  determined  from  Eq.  (7)  by  calcu¬ 
lating  G'  from  growth-rate  data  (Fig.  2).  and  using  data 
for  Rel.  /(A)  (Fig.  3)  and  the  bulk  densities  for  Nb  (8.6  g/ 
cm’).  NbO  (7.3  g/cm’),  NbOj  (5.9  g/cm’).  and  NbjO, 
(4.5  g/cm’).  Applying  £.2-  (7)  to  mixed-phase  films  posed 
a  challenge  because  overlapping  XRD  peaks  prevented  the 
volume  fraction  of  each  phase  to  be  meaningfully  deter¬ 
mined.  Therefore,  we  used  the  limits  of  possible  density  to 
calculate  two  separate  data  points  for  each  set  of  [G',  /(A)] 
values  for  mixed-phase  films,  that  is,  using  Nb  and  NbO 
density  for  films  3  and  9.  and  NbO  and  Nb02  density  for 
films  4,  10,  and  16. 

Figure  9  shows  A  (Nb-oxide)  for  the  two  most  com¬ 
plicated  sets  of  data,  obtained  from  Ar/02  discharges  op¬ 
erated  at  —  2.2  and  --  1.9  kV.  .4'(Nb^xide)  =  1  for 
—  1.3  kV,  Ar/>2%  O2  discharges,  and  is  not  shown  here. 
Fhe  range  of  values  for  .4 '(Nb-oxide)  for  each  phase  re¬ 
gion  are  included  in  Fig.  8(a). 

It  can  be  seen  from  Fig.  8(a)  that  niobia  formation  in 
films  grown  in  —  1.3  to  -  2.2  kV,  Ar/02  discharges  is 
concurrent  with  /^'(NbKixidc)  =  1;  niobia  is  famed  in  the 
film  when  Nb  arrives  from  the  plasma  bonded  to  O.  The 
gas  O2  content  corresponding  to  both  the  onset  of  niobia 
formation  in  the  film  and  a  vanishing  atomic  Nb  flux  to  the 
substrate  is  equal  to  Of,  as  can  be  seen  by  comparing  Fig. 
8(a)  with  Figs.  1(a)  and  2(a).  Intermediate  phases  are 
formed  when  A '(Nb-oxide)  =0. 1-0.4,  that  is,  most,  but 
not  all,  of  the  Nb  flux  arriving  at  the  substrate  is  atomi:. 

A  more  complicated  situation  arises  when  correlating 
/<’( Nb-oxide)  i.ith  structure  in  films  grow"  in  Ne/02 
charges.  A  (Nb-oxide)  =  1  for  -  1.3  kV,  Ne/>2%  O2  dis 
charges  and  niobia  formation  is  associated  with  a  vanishing 
atomic  Nil  flux.  Likewise,  niobia  formation  in  films  grown 
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GAS  %02 

FIG  4  (V  fractKruil  ftu*  of  Nb  bunded  to  O  m  *n  uo- 

«pn.ibed  moMi;uur  it>fm  incideni  on  '.Ik  iuburiie  determined  fn>m  £4) 

'  I.  A  function  «y  HIS  (.)  vi^nient  (or  Ar  ()>  di^chAfget  oi^ftted  ai  (  a  > 
i  ;  kV  And  ( b  1  6  ^  U4  A  '  cifck%  diAmondi.1  /.  A  t 

inverted  tnAnf»e\  triAngleti.  /i405^  A  1  i%dUAfev  UnAhed  dunK^ndAi 
|Vxe  Fhe  <r*ct»orii  Aui  of  Atomic  Nb  ^  I  ~  4  iNb-oAide)) 

in  -  I  0  kV.  S«/4-50<”<-  O.'  discharges  is  associated  »uh 
■4  (Nb-o»ide;  =  1  Hoisever,  in  the  case  of  -  1  ^  kV.  Ne/ 
4-50'>  O;  discharges.  .■4  (  Nb-o*ide  I  =  -0  5-0  7.  indicat¬ 
ing  that  niobia  formed  in  the  him  esen  though  the  atomic 
Nb  flux  to  the  substrate  did  not  vanish  As  mentioned  in 
Sec  IIlA.  i*e  concluded  from  growth  rate  [Fig  2(b))  and 
Rel  /(At  [Fig  3(d))  data  that  the  target  surface  was  ox- 
idiaed  bs  1  9  kV,  Ne'4-50'~r  ()-  discharges,  and  so  the 
atomic  Nb  flux  observed  here  must  result  from  either  dis¬ 
sociation  of  the  sputtered  oxide  ai  the  Nb  urget  surtace  bs 
sputtering  acinm  or  in  ihe  plasma  volume  bs  collisional 
processes  Values  for  4  (Nb-ixide)  for  Ne/O-  discharges 
are  included  in  Fig  8ibi 

The  assumption  of  an  opticalls  thin  plasma  in  local 
thermal  rquilibnum  cannot  be  applied  lo  data  obtained 
from  -  1  t  »n<!  -  1  ’i  kV  Ne  2''c  ()-  discharges  This  is 
unfortunate  because  (hese  conditions  correspond  i<>  ()♦. 
and  i.s  ihe  case  of  a  1  **  kV,  N</  2‘'<  i  •  discharge,  the 
condition  at  which  i-niobu  is  produced  Howe'er,  a  dif¬ 
ference  in  Rel  /i>.i  among  the  ihree  wavelengths  bs  as 
much  as  tOT-  [Figs  t  d  i  and  ’  f  )  indicates  that  eiiher 
velective  er.hancemeni  >^f  a  iransiiKin.  perhaps  bs  a  rev»- 
nani  pr-xess  *  I'r  seieciise  supression  i«f  / '  /.  r  due  lo  impn 
siciied  rad.jtion  u  ixcurnng 

IV.  SUMMARY 

An  Nb  target  was  spuneied  m  rf  Ar 'f>-  and  Ne/<>- 
disc barges,  and  films  were  grown  on  unheated  fused  mIxx 
till  I -cut  bi.  and  carbon  nhNin  The  transitKvn  Irom  Nb 
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metal  to  i.iobia  film  growth  was  studied  as  a  function  of 
three  independent  process  parameters:  cathode  voltage,  gas 
O;  content,  and  rare  gas  type.  On  the  basts  of  x-ray  dif¬ 
fraction  results,  res  '-tiviiy.  opiicai  transmission,  refractive 
index.  Nb  O  ratio,  and  infrared  absorption  characteristics, 
the  following  phases  were  identified  tn  the  films:  bcc  Nb. 
NbO.  NbO;.  x-niobta.  amorphous  niobia,  microcrystailtne 
niobia.  and  crystalline  niobia. 

In  situ  optical  spectrometry  of  the  discharge  wits  used 
to  monitor  the  emission  intensity  HA)  of  four  radiative 
electronic  transitions  of  the  neutral  exceed  Nb  atom  to 
ground  state  (A  =  5344,  5079  .  4101.  and  4059  AI. 
Changes  in  I  [A)  and  the  growth  rate  were  used  to  ( I ) 
determine  the  set  of  process  parameters  at  which  target 
surfr-*  oxidation  occurred,  and  (2)  estimate  the  fractional 
flux  oV  atomic  Nb  and  Nb  bonded  to  O  in  an  unspecified 
molecular  form  ( Nb-oxide)  incident  on  the  substrate.  Film 
structure  was  found  to  depend  to  some  extent  upon  this 
fractional  flux.  In  general,  niobia  was  formed  when  Nb 
arrived  from  the  plasma  bonded  to  O.  which  occurred 
when  the  target  surface  was  completely  oxidized  Inter¬ 
mediate  mixed-phase  structures.  Nb  NbO  and  NbO 
-  NbO;.  were  formed  when  most  but  not  all.  of  the  Nb 
flux  from  the  plasma  was  atomic 

A  phase  map  was  constructed  in  which  film  structure 
and  the  fractional  flux  of  Nb  and  Nb-oxide  incident  or  the 
substrate  were  graphed  onto  process  parameter  space, 
demonstrating  the  equivalent  effect  of  differt'tt  sets  of  pro¬ 
cess  parameters 
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Growth  conditions  for  sputter  deposited  niobium  oxides 
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A  Nb  urget  was  sputtered  in  radio-frequency-excited.  Kr/Oj  discharges  and  films  were 
deposited  on  unheated  fused  silica  and  <lll>-cut  Si  substrates.  Two  independent  process 
parameten,  cathode  voltage  and  gas  O]  content,  were  varied.  Optical  emission  spectrometry  was 
used  for  in  situ  discharge  diagnostics.  From  this  data,  we  determined:  ( I )  the  values  of  the 
process  parameters  at  which  a  complete  urget  surface  oxide  layer  was  formed,  and  (2)  the 
fractional  flux  of  gaseous  atomic  Nb  and  molecular  NVoxide  incident  on  the  substrate  over  the 
entire  range  of  process  parameten.  Post -deposition  film  characterization  for  metallurgical  phase 
identification  included  x-ray  diffraction,  infrared  absorption,  and  electncal  resistivity 
measurements.  A  "phase  map"  was  constructed,  interrelating  the  independent  process 
parameten.  the  growth  environment,  and  the  metallurgical  phases  in  the  films.  Gimpahson  with 
phase  maps  previously  developed  for  the  Nb-O  system  grown  in  Ar/Oj  and  Ne/O^  discharges 
allowed  generalizations  to  be  made  regarding  the  growth  environment  (in  terms  of  I^Ib.  Nb 
oxide,  and  oxygen  flux  to  the  substrate)  under  which  different  Nb-oxide  phases  were  formed  in 
the  film. 


I.  IN-^OOUCnON 

We  .onstruct  here  a  "phase  map"  for  the  Nb-0  system 
sputter  aeposited  in  Kr-Oj  discharges  on  unheated  sub¬ 
strates.  The  map  interrelates  independent  process  parame¬ 
ters.  the  growth  environment,  and  the  metallurgical  phases 
present  in  the  films.  It  is  not  a  “phase  diagram"  since 
growth  by  sputter  deposition  cannot  be  assumed  to  be  un¬ 
der  condi*'ons  of  ihermodynamic  equilibrium.  The  process 
parameters  onto  which  phase  regions  and  growth  environ¬ 
ment  charactenstics  are  mapped  are  not  analogous  to  the 
thermodynamic  •  enables  used  lo  descnbe  overlayers.'  The 
scientific  motivation  for  constructing  a  phase  map  is  to 
understand  the  phase  formation  sequence  in  terms  of  a 
changing  growth  environment  -  a  first  step  toward  mod¬ 
eling  metal  oxide  growth  by  reactive  sputter  deposition  An 
important  lecnnological  outcome  is  that  another  investiga¬ 
tor.  using  the  information  about  the  equivalence  of  process 
parameters  shown  on  the  phase  map.  can  make  educated 
decisions  when  designing  an  expenment  to  obtain  specific 
film  properties,  even  when  no  means  of  in  uiu  discharge 
diagnostics  is  available 

Phase  iransiiions  of  the  stable,  bulk,  roorr.  :cmperature 
components  of  the  Nb-t3  syvem  are  .  .  follows  ’  Nb 
.bodv-ceniered-cubic  bccij-Nbr'  .SaCl  ivpe  cubic  i 
-  Nbf).  ,  >vx«.O01  two  -bstoichiometrK  forms 

»  tetragonal  .N'bO;)  -  Nb-O.  ,  with  OvxvO  2  (many  re¬ 
lated  fcrms.  collectively  caned  niobu  )  The  Nb^O,  . 
venes.  which  terminates  in  Nh^O.  and  whose  precise  crys¬ 
tal  siruciure  is  siill  under  investigation,  is  based  on  build- 
ng  blocks  r>i  *he  ReO.-ivpe  liitice  separated  bv  planes 
along  which  crystallographic  shear  produces  defects  non- 
iioicniomeTv  -v  accommodated  bv  shear 

We  had  previously  published  phase  maps  for  Nb-oxides 
sputter  deposited  in  Ar  O-  and  Ne/O-  discharges  Av  will 
be  discussed  m  Sec  V  both  eouilibnum  and  metastaole 
phases  formed  in  the  spuiier  deposited  films  The  phase 
boundaries  were  found  to  depend  upon  iwo  .mponant  as¬ 


pects  of  the  grosvth  environment;  ( I )  the  fractional  Auz  of 
gaseous  Nb  atoms  and  Nb-oxide  molecules  arriving  at  the 
substrate  from  the  discharge,  and  (2)  the  formation  of  a 
target  surface  oxide  layer  that  prevented  the  target  from 
gettenng  all  oxygen  from  the  discharge,  thereby  maJung 
oxygen  available  for  reaction  at  the  substrate.  The  phase 
map  developed  here  for  filn  >  grown  in  Kr/Oj  is  compared 
to  those  obtained  for  Ar/0.  and  Ne/C]  discharges,  with 
an  eye  toward  finduig  similarities  and  understanding  dif¬ 
ferences  in  terms  of  these  two  aspects  of  the  growth  envi¬ 
ronment. 

II.  EXPERIMENTAL  PROCEDURE 
A.  Film  growin 

Films  were  grown  in  a  radio-frequency  ( rf)  diode  ap¬ 
paratus  operated  at  13  36  MHz  by  sputtering  a  13  cm 
diam.  Nh  target  bonded  to  a  water-cooled  Cu  cathode. 
Suprasil  fused  silica  and  <lll><ui  Si  substrates  were 
placed  on  a  water-cooled  Nb-coaied  Cu  pallet  covering  the 
anode.  The  anode-cathode  spacing  was  b  cm  The  chamber 
was  evacuated  to  <  3  x  10  '  Torr  with  a  liquid  N. 
trapped,  hot  Si-base  oil  diffusion  pump  and  backfilled  with 
the  spuiienng  gas  to  a  total  pressure  of  1  «  10  '  ‘  Torr  The 
vputtenng  gas  consisted  of  Kr  i  <>9  99bWr  )  conuining  from 
O.  ,99  990^) 

The  total  gas  pressure  was  measured  with  a  capacitance 
manometer  Each  component  of  the  sputtering  gas  was 
introduced  separately  into  the  chamber  Kr/O-  ratios  were 
esublished  using  an  MKS  Barairon  Senes  2b0  control  sys¬ 
tem.  model  238  flow  transducers,  and  model  24gA  solenotd 
control  valves  The  instrument  error  m  the  O.  panial  pres¬ 
sure  introduced  into  the  expenment  bv  the  accuracy  of  the 
flow  was  2  5*  10  ■  Torr 

Two  presputters  preceded  each  deposition  ThcDrespui- 
ter  process  was  .nor.iiored  bv  optical  emission  spccirome- 
try.  as  desenbed  in  Sec  II  B  The  first  prespuuer  was  car- 
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'hickoeu  (d).  and  irowtii  rau  (C),  film  resiauvity  (p).  and  visual  appearano 
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< 
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(F 

(kA) 

C 
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F* 

(^cm) 
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1 

1.9 
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2 

1.9 

2 
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90*6 

) 

1.9 

4 

4X0 

2.72*0.13 

170*  X 

43*3 

V 

4 

1.9 

6 

4X0 

0.63*0.01 

29*1 

nc 

C,l 

5 

1.9 
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nc 
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1.6 

2 
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13*1 

X.' 

9a 

1.6 

4 

360 

l.97*0.0X 

19*4 

15*1 

M 

9b 

1.6 

4 

360 

1.30*0.06 

57*2 

7340 

10 

1.6 

5 

3S0 

a96*a2S 

34*1 

nc 

C.I 

M 

16 

6 

330 

0.75*0.02 

30*1 

nc 

C.I 

12 

1.6 

I 
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2.42*0.12 

25*1 

nc 

c.t 

12 

16 

SO 

3X0*10 

2.S0*0.|4 

25*1 

nc 

e,t 

14 

13 

0 

220 

1.50*0.05 

77*2 

C.r 

IS 

1.3 

2 

230 

1  X0*004 

X0*2 

65*3 

S-r 

16 

1.3 

3 

230 

1.27*0.02 

21*1 

nc 

Cut 

17 

13 

4 

220 

1  20*0.04 

19*1 

nc 

C.I 

IS 

13 

so 

240*10 

1.20*0.06 

14*1 

nc 
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'Measured  by  proAknnetcr  from  a  step  on  films  frown  on  fused  silica  Each  value  repttaenu  a  ici  of  measurements.  The  standard  dcviauon  u  nor  showa 
in  the  table  However,  it  is  used  to  calculau  tbe  error  ui  G  ubulated  here. 

‘p  for  bulk  Nb  metal  m  |2.7  pfl  cm;  oc  w  nonconductor,  exceeds  probe  limits  of  10**  pH  cm. 

‘l  s  |ray,  b  <•  blue,  y  m  dark  yellow,  c  •  r  w  reAacunf,  St  w  seamtranspnrcnL  t  •  traasperent. 


Tied  out  ID  Kr  for  —60  min.  and  its  purpose  was  to  remove 
the  oude  layer  that  had  formed  on  the  target  surface  upon 
eaposure  to  air.  The  second  presputter  was  carried  out  for 
-  20  nun  in  the  Kr/O]  mixture  used  for  the  actual  depo* 
siuon,  and  its  purpose  was  to  allow  time  for  discharge  and 
target  surface  reactions  to  reach  dynamic  equilibrium.  The 
movable  shutter  that  covered  the  substrates  wu  then  re* 
moved  and  the  Aims  were  deposited.  The  process  parame¬ 
ters  that  were  vaned  in  this  study  were  the  sputtering  gas 
O]  content  and  the  cathode  voltage,  measured  peak-to- 
peak  dunng  a  13.56  MHz  rf  cycle  Speafic  process  param¬ 
eters  used  for  each  deposition  are  recorded  in  Table  I. 

B.  In  Mitu  disetsarg*  dlagrsoatlcs 

Optical  emission  spectrometry  was  used  for  m  sttu  dts- 
.harge  diagnostics.'  An  optical  spectrometer  with  I^X) 
and  2400  groove/mm  holographic  graunp  capable  of  0.3 
A  resolution  in  the  near  ultraviolet  to  near  infrared  spec¬ 
trum  was  used  to  sample  radiation  of  wavelength  >l  emitted 
between  the  anode  and  cathode  through  an  optical  win¬ 
dow 

The  optical  emissMO  intensity  /(A)  of  radiauve  elec¬ 
tronic  transiuons  of  exaied  neutral  Nb  atoms  to  ground 
state*  were  monitored  at  2  —  4039,  4101.  and  3079  A.  As¬ 
suming  the  condition  of  an  opucally  thin  plasma  ir.  local 
ibennal  equilibrium.  /(A)  a  proportional  to  the  number  of 
ground  suie  Nb  atoms  in  the  discharge. Changca  m  l{i) 
were  used  lo  directly  determine  ( I )  when  each  step  of  the 
preapuiter  process  had  been  completed,  and  ( 2 )  the  set  of 
prooeaa  perameten  at  which  an  oude  layer  was  formed  at 
the  target  turfacc.  Furthennore.  aaaumiag  a  unity  sucking 
cosAcicBt.  an  estimate  of  the  fractional  Aua  of  Nb  aioma 


/(Nb)  and  NbKixide  molecules, /(Nb  oxide),  incident  on 
the  substrate  during  deposition  was  made  using  the  follow¬ 
ing  equations* 

/(Nb)=«{Rel./(A)/((rp(Nb  owde)/p(Nb),l}.  (1) 

/(Nb  oxide) 

- 1  -  {Rel.  /(/l)/(C»'p(Nb  oxide)/p(Nb),J}.  (2) 

Here,  Rel.  /(A)  is  the  emission  intensity  relative  to  itt 
value  in  a  pure  rare  gu  discharge  operated  at  the  same 
cathode  voluge,  (7  is  the  growth  rate  reiauve  to  lU  value 
in  a  rare  gas  discharge  operated  at  the  same  cathode  volt¬ 
age.  p(Nb  oxide),  IS  the  atomic  density  of  the  oxide  phase 
condensed  on  the  substrsie.  and  p(Nb),  is  the  atomic  den¬ 
sity  of  Nb  metal.  The  exact  form  of  the  gu  phu  Nb- 
oxide(s)  species  incident  on  the  substrate  is  not  known, 
but  mau  tpectrometry  data  show  that  for  many  oxide  sys- 
leras,  the  prevalent  form  u  the  n..tal  monoxide,  MO." 

C.  Po«t-d«poaltlon  film  eftaractwization 

Film  thickaeu  wu  meuured  with  a  proAlometer  from  a 
step  made  by  masking  put  of  the  fused  silica  substrate 
dunng  deposition.  Growth  rate  wu  determined  by  divid- 
mg  the  value  of  thickiieu  by  the  deposition  time.  A  fou- 
pmnt  probe  wu  used  to  measure  the  electrical  sheet  rcss- 
luiww  of  6lm«  on  fused  silica,  from  which  resnuvtty  wu 
calculated. 

Tbe  crystallography  of  Urns  on  fused  silica  wu  deter¬ 
mined  by  doubte-anglc  t-ray  diffractioa  (XRD)  uamg  ua- 
rsKilvcd  Cu  Ka  radiation  (A  •  I  3411  k)  XRD  peak  po- 
ulioo  (26n0.02*).  maximum  peak  mtcnsity  (/),  aad  (iill 
width  at  half-maaimuffl  micnaiiy  (FWHM)  wen  mca- 
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Fn.  I.  The  (cltuvc  opiml  emiiiwa  iaUBniT  rram  tuned  Nh  ttoa*  hi 
'.bt  diKharft-  where  A  m  40)9  K  (cuclci).  9079  A  (dianoad*),  ead  4101 
A  (•quam) 


sured.  The  diffractometer  wu  calibrated  using  the  |0M| 
diffraction  peak  of  an  a-quaru  standard  at  20  26.66 

±0.0r  whose  FWHM  is  O  lff, 

Fast-Founer  transform  infrared  spectrometry  was  used 
to  determine  absorptior.  due  to  lattice  vibrations  in  filnu  on 
infrared  ( IR ) -transparent  <  1 1 1  )-Si  This  measurement  en¬ 
abled  phase  identiffcauon  based  on  shon  range  order  when 
no  long  range  crystallographic  order  was  present. 

III.  DISCHARGE  CHARACTERISTICS 

/(A)^  relative  to  its  value  in  a  pure  rare  gas  discluurge 
operated  at  the  same  cathode  voltage  is  shown  in  Fig.  I  u 
a  function  gas  O]  content.  It  can  be  seen  that  Rel.  /(A) 
vanishes  after  a  small  amount  of  O-  has  been  added  to  the 
dacharge.  Thu  result  indicates  that  atomK  Mb  u  other  no 
longer  present  in  the  plasma  or  its  concentration  has  been 
reduced  to  below  detcctioo;  Nb  bonded  to  O  in  tome  form 
of  molecule  is  bong  sputtered  from  the  oudtzed  target 
surface  layer  This  molecule  is  denoted  "Nb  ouJe”  here. 

The  gas  O;  rrmteni  at  which  Rel.  /(A)  vanishes  a  de¬ 
noted  "’Of  "  Of  IS  equal  to  3%  Oj  for  discharges  operated 
at  -  I  3.  *%  for  -  I  6  kV  discharges,  and  6%  for  da- 
charges  operated  at  -  I  9  kV  discharges.  A  suruiar  in- 
ercaac  in  Of  with  increasing  has  been  reponed  for  both 
Nh  and  other  target  matenals  spattered  in  Ar/Oj 
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FIO.  2.  The  rf  forward  power  in  Ihe  diuharte  ai  a  function  of  pi  Oi 
in  Kr/O,  diaeharpa  Diamoodt.  F,  -  -  I.J  kV;  iquaita, 
K,  -  -  1.6  kV;  circles  -  1-9  kV. 


discharges. This  effect  is  attributed  to  increased  dis¬ 
sociation  of  the  target  surface  oxide  under  bombardment 
by  more  energetic  Ar  *  ions  as  K,  is  increased. 

Values  of  if  forward  power  and  growth  rate  are  re¬ 
corded  in  Table  I,  tnd  shown  as  a  function  of  gas  O2 
content  for  constant  values  of  cathode  voltage  in  Figs.  2 
and  3.  It  can  be  seen  from  Fig.  2  that  the  rf  forward  power 
does  not  change  abruptly  at  Of.  This  result  indicates  that 
the  electrical  impedance  of  the  deposition  setup  does  not 
rhnnge  significantly  upon  target  surface  oxidation.  Similar 
behavior  was  found  when  Nb,^  V,’*''*  and  Au  (Ref.  16) 
targets  were  sputtered  in  Ar/Oj  and  Ne/Oj  discharges.  It 
was  hypothesized  that  an  oxide,  or  a  series  of  oxides,  with 
secondary  election  emissioii  characteristics  similar  to  Nb, 
V,  or  Au  metal  were  fonned  at  the  target  surface.  The  Y-O 
system  offers  a  contrast  to  this  behavior.  The  formation  of 
a  target  surface  layer  of  yttria.  which  is  a  more  efficient 
secondary  electron  emitter  than  yttrium  metal,  caused  the 
discharge  power  to  double  at 

It  can  be  seen  from  Fig.  3  that  after  a  small  amount  of 
O2  IS  added  to  the  discharge,  the  growth  rate  decreases  to 
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<  30%  of  Its  value  in  a  pure  Kr  discharge  operated  at  the 
same  cathode  voltage.  This  phenomenon  is  well  docu¬ 
mented  in  the  sputter  deposition  literature.  In  other  metal- 
oxygen  systems  that  we  have  studied'^’"  (Y-,  Zr-.  V- 
A1-,  Zn-,  Ge-,  Pt-,  Au-O),  the  formation  of  a  complete 
target  surface  oxide  layer  (at  O*  for  a  given  cathode  volt¬ 
age)  is  a  requirement  for  a  large,  abrupt  decrease  in  growth 
rate  ( if  one  occurs ) .  Howtuer.  if  ike  oxide  that  is  formed  at 
ihe  target  surface  does  not  offer  a  barrier  to  sputtering 
greater  than  that  offered  by  the  metal,  the  growth  rate  will 
not  drop,  as  is  the  case  of  initial  target  oxidation  in  the  form 
of  ZrO  in  the  Zr-O  system ’’  and  GeO  in  the  Ge-O 
system.’* 

In  the  case  of  Nt>-0  films  deposited  in  Ar/Oj  and 
Ne/Oj  discharges  over  a  range  of  from  —  1.3  to  —  2.2 
kV,  we  previously  reported  that  Of  and  a  large  growth  rate 
drop  were  coincident.’  The  dau  for  Kr/Oj  discharges  op¬ 
erated  at  —1.9  and  —  1.3  kV  presented  above  also  show 
this  coincidence.  However,  in  the  case  of  Kr/O},  —  1.6  kV 
discharges,  Of  occurs  at  4%  Oj,  before  the  drop  in  depo¬ 
sition  rate  has  stabilized  at  S%  Oj.  This  result  will  be 
discussed  further  in  Sec.  IV  in  relation  to  the  properties  of 
films  grown  in  Kr/4%  Oj,  —  1.6  kV  discharges. 

IV.  FILM  PROPERTIES 
A.  Cryatallography 

The  crystallography  of  films  grown  on  fused  silica  is 
discussed  next.  Films  on  (lll)-Si  using  the  *ime  growth 
conditions  yielded  similar  results.  Films  grown  in  pure  Kr 
discharges  are  bcc  Mb.  Film  14,  grown  at  -  1.3  kV  has  a 
completely  jllOj  orientation,  with  diffraction  at  2@ 
=  37.93*.  corresponding  to  d, ,  ,o(  =  2.37  A.”  Films  I  and 
7.  grown  at  —  1.9  and  1.6  kV  have  a  strong  preferred 
I'. in)  orientation,  with  20  =  38.19*,  coticsponding  to 
d|,, 01  =  2.35  A.  Additional  diffracuon  from  Nb  i2ll| 
planes  occurs  in  films  1  and  7,  at  20  =  69.23*  correspond¬ 
ing  tod,  2111  =  1  36  A,  and  from  Nb  |222|  planes  in  film  I, 
at  20  =  107.23*.  corresponding  to  d^jui  —  0  96  A.  Calcu¬ 
lation  of  the  lattice  parameter  using 

-1-  Ic*  -I-  yields  o  =  3.33  A  for  film  14  and 

a  =  3.32  A  using  all  seu  of  |/i/c/|  for  films  1  and  7.  These 
values  are  in  good  agreement  ( within  0.7%  for  films  I  and 
7.  and  I  6%  for  film  14)  with  a  =  3  30  A  for  bulk,  un¬ 
stressed  Nb 

Films  2.  3.  8.  and  1 3  grown  in  Kr-02  discharges  show 
multiple,  overlapping,  broad,  low  intensity  diffraction 
peaks  in  two  2©  ranges  from  ~33*  to  39*  and  from  —65* 
to  7r  It  IS  possible  to  attribute  these  unresolvable  peaks  to 
diffraction  from  Nb.  NbO,  and/or  Nb02  planes,  indicating 
a  stniciural  confusion  within  the  films.  These  films  will  be 
referred  to  here  as  "Nb  suboxide." 

Films  4-6,  9a.  9b,  10-13,  and  16-18  have  no  long  range 
crystallographic  order  detecuble  by  XRD  These  films  are 
called  “amorphous."  but  in  fact  they  may  contain  nano- 
crystallites  whose  size  is  below  the  coherence  limn  of  the 
XRD  experiment 


8.  Resistivity 

The  resistivity  of  films  grown  on  fused  silica  is  recorded 
in  Table  1.  Relating  resistivity  to  crysullography,  Nb  metal 
films  I.  7,  and  14  have  resistivity  —3  times  larger  than  bulk 
Nb  metal,  12.7  pO  cm,  which  is  not  surprising  considering 
the  interfacial  sources  for  electron  wave  scattenng  within  a 
thin  film.  Nb-suboxide  films  2,  3,  and  IS,  have  resistivity 
ranging  from  43  to  90  pfl  cm,  comparable  to  that  previ¬ 
ously  reported  for  mixed  Nb  -i-  NbO  films  grown  in  Ar/Oj 
discharges.’  However,  Nb-suboxide  film  8  has  a  low  resis¬ 
tivity,  1 3  fsil  cm,  compared  to  the  other  Nb-suboxide  films. 
NbO  is  a  metallic  oxide,  and  although  we  could  not  find  a 
bulk  resistivity  value  for  this  material  in  the  literature,  its 
presence  in  an  appreciable  amount  is  possibly  responsible 
for  the  low  resistivity  of  film  8. 

Amorphous  film  9a  also  has  a  low  resistivity,  13  pfl  cm. 
However,  amorphous  film  9b,  grown  under  the  same  con¬ 
ditions  as  film  9a,  has  much  higher  resistivity,  7340  pCl  cm. 
As  mentioned  in  Sec.  II  A,  the  instrumental  uncertainty  in 
gas  O2  content  is  ±0.23  pm.  Apparently,  this  set  of  dis¬ 
charge  conditions,  a  cathode  voluge  of  -  1.6  kV  and  a 
sputtering  gas  composition  of  60  mTorr  Kr/40±0.25 
mTorr  Oj,  sits  directly  atop  a  narrow  transition  region 
between  conductor  and  insulator  growth,  such  that  a  small 
change  in  O2  content  (introduced  by  expenmental  uncer¬ 
tainty  cited  in  Sec.  II  A)  produces  a  large  change  in  film 
properties.  Amorphous  films  4-6,  10-13,  and  16-18  are 
insulators. 

C,  Visual  appaaranca 

Table  I  records  the  visual  appearance  in  normal  inci¬ 
dence  light  of  films  grown  on  fused  silica.  All  Nb  and 
Nl>-$uboxide  films  are  reflecting  and  gray  in  color,  with  the 
exception  of  film  9a,  which  is  semitransparent  and  blue, 
and  film  9b,  which  is  semitransparent  and  dark  yellow. 
Insulating  films  with  no  long  range  crytallographic  order 
are  transparent  and  colorless. 

D.  Infrared  transmission 

Infrared  transmission  spectra  were  obuined  from  films 
on  ( 1 1 1  )-Si  substrates  included  in  the  same  sputtering  runs 
as  fused  silica.  These  films  are  labeled  with  a  "prime."  Nb 
films  r.  7'.  and  14'  and  Nb-suboxide  films  2‘,  3',  and  8'  do 
not  transmit  IR  radiation.  Insulating,  transparent,  color¬ 
less  films  4' -6',  10'-13',  and  16'- 18’  have  IR  spectra  iden¬ 
tical  to  that  previously  reported  for  amorphous  (a-) 
niobu’  and  these  films  are  identified  as  such.  A  typical 
spectrum,  taken  from  film  12'  in  the  400-1 3(X}  cm  '  '  range 
(23  0-7  7  nm)  is  shown  in  Fig.  4(a).  This  spectrum  con- 
sisu  of  a  broad  absorption  band  with  local  minima  at  600, 
900,  and  1080  cm  '  and  >90%  transmission  at  1200 
cm  ■  ‘ 

Amorphous  high  resistivity  film  9b  yields  the  absorption 
spectrum  shown  in  Fig  4(b)  The  common  features  of  film 
9b  and  o-niobu  are  local  minima  at  900.  and  1080  cm  ' 

>  90%  transmission  at  1200  cm  ~ and  low  transmission 
at  600  cm  '  '  How  .-ver,  at  low  frequency,  between  400  and 
600  cm  '  film  9b  does  not  recover  transmission  and  the 
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Flo.  4.  Th*  mfnred  (niuaiistiaa  u  t  runetion  of  ««v«  number  for  (•> 
Urn  12'.  a-nwbu,  (b)  Aim  9b .  high  reusuviiy  x-niobu.  ind  (c)  Aim  9n'. 

I  low  resuiiviiy  z-niobia. 

I 

i 

j  absorption  remains  high.  The  spectrum  of  amorphous  low 
resistivity  film  9a  (Fig.  4(c)]  shows  similar  characteristics 
to  that  of  film  9b,  although  the  overall  level  of  absorption 
IS  greater  (due  to  free-carrier  absorption)  and  the  high 
frequency  absorption  peak  at  1080  cm  ' '  in  film  9b  is 
shifted  and  considerably  broadened  in  film  9a,  extending 
from  I(XX)  to  1270  cm  ' We  previously  observed  similar 
absorption  behavior  in  a  film,  denoted  '*x-niobia,''  that  was 
deposited  using  a  Ne-Oj  discharge  and  a  set  of  process 
parameters  which  were  at  the  boundary  between  Nb-sub- 
oaide  and  a-niobia  growth.’  Films  9a  and  9b  will  hereafter 
also  be  called  x-niobia. 

V.  A  PHASE  MAP  FOR  Nb^XIOES  SPUTTER 
DEPOSITED  IN  Kr/O,  DISCHARGES 

Based  on  the  film  ch.i'actenzation  data  presented  in 
Sec.  IV.  meullurgical  phases  in  the  films  were  identified  as 
Nb.  Nb  suboxide,  x-niobia,  and  a-niobia.  To  construct  a 
phase  map,  first  metallurgical  phase  regions  were  graphed 
onto  process  parameter  space.  The  process  parameter- met¬ 
allurgical  phase  diagram  was  then  overlayed  with  the 
growth  environment  parameters  of  interest  here:  ( 1 )  the 
value  of  the  fractional  atomic  Nb  or  molecular  Nb-oxide 
flux  to  the  substrate  determined  from  Eqs.  (I)  and  (2), 
keeping  in  mind  that/(Nb)  /(Nb  oxide)  *  1.  and  (2) 
the  process  parameters  at  which  formation  of  a  complete 
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FlO.  S.  A  phase  map  for  the  Nb-O  system  sputter  depomiad  in  Kr/O] 
diaehariet  tbowini  the  phases  present  as  a  functwa  of  gas  Oi  content  and 
eat'iode  volute. /(Nb)  and  f  (Nb  oxide)  were  calculated  from  Eqs.  (I) 
and  (2).  Tbe  solid  line  indicates  Of,  the  gas  Oj  content  for  a  given  F,  at 
which  atomic  Nb  can  no  longer  et  detected  in  Ibe  oischaiae. 

target  surface  oxide  layer  occurred.  The  phase  map  for  Nb 
oxides  sputter  deposited  in  Kr/O]  discharges  is  shosvn  in 
Fig.  5. 

Determination  of  the  fractional  flux  of  sputtered  target 
species  using  Eqs.  (I)  and  (2)  depends  upon  two  experi¬ 
mentally  measured  quantities  Rel.  /(A)  shown  in  Fig.  I, 
and  the  growth  rate  G  shown  in  Fig.  3,  from  which  (7,  the 
relative  growth  rate,  is  obtained.  The  film  density  relative 
to  Nb  is  also  a  factor  in  Eqs.  ( 1 )  and  (2).  We  used  bulk 
densities  for  this  calculation.  The  bulk  densities  for  Nb  and 
the  Nb  oxides  are  as  follows:  Nb  (8.6  g/cm’),  NbO  (7.3 
g/cm’),  NbOj  (5.9  g/cm^),  and  NbjO,  (4.5  g/cm’). 
(Choosing  a  value  for  the  density  of  the  N^suboxide  films 
posed  a  challenge  because  overlapping  XRD  peaks  pre¬ 
vented  the  volume  fraction  of  each  phase  to  be  meaning¬ 
fully  determined,  as  discussed  in  Sec.  IV  A.  We  therefore 
used  an  average  value  of  the  densities  of  all  possible  com- 
ponenu  in  the  suboxides,  (p^b  +  ptno  +  =  7.25 

g/cm’.  This  averaging  introduces  a  ir*r:mum  error  of 
19%  into  the  calculation  for  relative  density,  that  is,  if  the 
film  under  consideration  is  either  pure  Nb  or  NbOj. 

VI.  GROWTH  CONDITIONS  FOR  Nb  OXIDES 

Optical  spectrometry  dau  ( Fig.  I )  showed  that  at  a 
critical  value  of  gas  O]  content.  Of.  for  a  given  target 
voltage,  the  emission  intensity  from  Nb  atoms  in  the  dis¬ 
charge  disappeared.  In  fact,  for  most  of  the  process  param¬ 
eter  space  probed  here,  Nb  was  delivered  to  the  substrate,  not 
in  atomic  form,  but  bonded  to  O  in  some  type  of  molecule. 
The  change  ir.  the  nature  of  the  amvmg  flux  of  target- 
bcanng  species  from  atomic  Nb  to  molecular  Nb  oxide  had 
a  profound  effect  on  the  type  of  phase  formed  in  the  film. 
The  following  general  observations  relating  the  phase  for¬ 
mation  sequenc-'  to  thu  changing  flux  and  the  state  of 
target  oxidation  were  made  by  considenn|  the  phase  map 
shown  in  Fig.  5. 

( I )  a-niobia  was  formed  when  the  fractional  flux  of 
molecular  Nb  oxide  to  the  substrate  was  large  (here  unity) 
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FiC.  6.  A  phase  map  for  the  Nb-0  lyuem  ihowm|  the  phases  present 
(hoc  Nb  (circles),  -f-  NbO  (squares),  NbO  -»■  NbOj  (4iaffloods),  <• 
luotua  (r!ark  square),  amorphous  and  microeryttaUine  niotiia  (tnanflcs), 
and  erysialUne  nnbta  (oark  diamond)]  as  a  funcuon  of  |as  O,  cooical 
and  cathode  volU|e  tor  (a)  Ar/0,  and  (b)  Ne/O,  discharges.  /(Nb) 
and  /( Nb  oxide)  were  calculated  from  Eqs.  ( I )  and  (2).  The  solid  line 
indicates  Of,  the  gas  Oj  content  tor  a  given  K,  at  which  atoimc  Nb  can  no 
longer  be  detected  in  t)ic  discliarge  or  iu  level  has  been  greatly  reduced. 

and  the  target  surface  was  oxidized,  thereby  unable  to  get¬ 
ter  all  oxygen  from  the  discharge  and  making  it  available 
for  reaction  at  the  substrate. 

(2)  Nb  suboxides  were  formed  when  the  fractional  flux 
of  atomic  Nb  to  the  substrate  was  large  and  the  target 
surface  was  not  fully  oxidized,  thereby  able  to  getter  oxy¬ 
gen  from  the  discharge  and  making  it  unavailable  for  re¬ 
action  at  the  substrate. 

(3)  An  amorphous,  semitranspaient  transition  phase, 
x-niobia,  was  sometimes  formed  at  the  boundary  of  the 
Nb-suboxide/niobia  phase  regions,  under  conditions  of  a 
large  Nb-oxide  fractional  flux  and  an  oxidized  target  sur¬ 
face,  evidenced  by  the  disappearance  of  Nb  optical  emis¬ 
sion  ( Fig.  I )  However,  analogous  to  the  Zr-O  system 
mentioned  in  Sec.  Ill,'*  the  nature  of  the  initial  oxioe  (in 
the  limit  of  small  gas  Oj  content  for  a  given  value  of  K,) 
was  possibly  different  than  that  formed  at  greater  gas 
content.  As  in  the  case  of  ZrO,  this  initial  target  surface  Nb 
oxide  (for  example,  NbO)  may  getter  oxygen  from  the 
discharge.  The  result  will  be  a  deficit  in  the  amount  of 
oxygen  required  to  complete  oxidation  at  the  substrate  to 
form  a-niobia. 

Phase  maps  for  Nb  oxides  deposited  using  Ar/Oj  and 
Ne/O]  discharges  are  shown  in  Fig.  6,  taken  from  Ref.  7. 
As  in  the  present  study,  the  regime  used  to  obtain  these 
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phase  maps  was  growth  on  a  near-room  temperature  sub¬ 
strate,  low  surface  diffusion,  and  unity  sticking  coefficienL 
A  comparison  of  Figs.  S  and  6  reinforces  the  three  gener¬ 
alizations  made  above  describing  the  growth  conditions 
under  which  Nb  oxides  were  formed.  The  fact  that  the  Nb- 
suboxide  phase  field  was  absent  when  Ne  was  used  as  the 
rare  gas  component  of  the  discharge  is  consistent  with  the 
absence  of  a  growth  environment  in  which  there  is  a  large 
atomic  Nb  fractional  flux  to  the  substrate  and  an  unoxi¬ 
dized  (or  partially  oxidized)  target  surface. 

A  comparison  of  the  phase  maps  for  Ar/Oj  and  Kr/O] 
discharges  shows  an  interesting  difference  in  structure 
within  the  Nb-suboxide  phase  field.  Nb-suboxides  grown  in 
Ar/O]  were  biphasic  Nb  +  NbO  or  NbO  -F  NbOj,  the  type 
of  growth  expected  under  conditions  of  thermodynamic 
equilibrium.  However,  phase  separation  on  a  scale  resolv¬ 
able  by  XRD  was  absent  in  Nb-suboxide  filnu  grown  in 
Kr/O]  discharges.  Although  the  reason  for  this  difference 
is  as  yet  unknown,  possible  contnbuting  factors  are  as  fol¬ 
lows.  Within  the  Nb-suboxide  phase  region,  the  atomic  Nb 
fractional  flux  is  larger  when  Kr,  rather  than  Ar,  is  used. 
To  form  a  well-ordered  suboxide  (NbO  or  NbOj),  these 
free  Nb  atoms  must  react  with  oxygen  before  their  surface 
mobility  is  quenched  by  the  subsequent  arriving  flux.  There 
is  always  an  overpressure  of  neutral  rare  gas  atoms  on  the 
substrate,  characteristic  of  the  sputter  deposition  environ¬ 
ment  Kr,  with  an  atomic  diameter  of  2.06  A,  compared  to 
Ar,  with  an  atomic  diameter  of  1.76  A,  may  be  more  ef¬ 
fective  in  blocking  the  diffusion  of  a  Nb  or  oxygen  species 
along  the  substrate.  In  other  words,  more  Nb  atoms  must 
react  at  the  substrate  and  more  severe  limiutions  on  their 
surface  mobility  may  make  ii  more  difficult  for  these  atoms 
to  find  a  reaction  partner  when  Kr,  rather  than  Ar,  is  used. 
The  deposition  rate  in  Kr/O]  and  Ar/O]  was  approxi¬ 
mately  the  same  for  a  given  set  of  process  parameters, 
hence  the  rate  of  amving  flux  capable  of  quenching  a  re¬ 
action,  was  not  a  factor. 
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It  is  well  documented  that  an  oxide  is  formed  on  the  surface  of  a  metal  target  sputtered  in  an 
02-beanng  discharge.  The  sputtered  flux  will,  in  general,  consist  of  metal  atoms  (M)  and 
metal-oxygen  molecules  (M-O).  In  this  study,  a  senes  of  metal  (M  =  V,  Nb,  Y,  Zr)  targets 
were  sputtered  in  rare  gas-Oj  discharges.  Films  were  grown  on  substrates  at  low  temperatures 
( 70-325  ‘C).  Optical  emission  spectrometry  was  used  to  index  the  growth  envi.onment  in  terms 
of  (a)  the  fractional  flux  of  M  and  M-O  species  to  the  growth  interface,  and  (b)  the  availability 
of  oxygen  for  reaction  at  the  growth  interface.  The  interrelation  of  process  parameters,  phase 
formation,  and  the  growth  environment  indices  was  presented  in  the  form  of  phase  maps. 
Common  features  in  the  phase  maps  of  all  systems  were  identilicd. 


I.  INTRODUCTION 

Reactive  sputter  deposition,  widely  used  for  growing 
metal  oxide  Aims,  involves  nonequilibrium  growth  at  a 
solid  surface  in  contact  with  a  low  pressure  glow  discharge. 
The  growth  environment  is  complex,  does  not  easily  lend 
Itself  to  even  rudimentary  in  situ  discharge  diagnostics,  and 
has  not  been  a  topic  of  active  study.  Historically,  research 
was  geared  to  developing  process  parameter-film  property 
relations  with  an  eye  towards  making  a  Rim  with  desired 
behavior.  However,  even  the  most  detailed  parametric 
study  is  phenomenological  and  machine-speciRc  unless  it 
contains  growth  environment  information.  The  present  pa¬ 
per  reviews  a  program  that  interrelates  deposition  process 
parameters,  phase  formation  in  the  Rim,  and  several  im¬ 
portant  features  of  the  growth  environment  for  a  senes  of 
metal-oxygen  systems. 

The  experiment  was  carried  out  in  a  radio  frequency 
diode  apparatus,  the  simplest  possible  conRguration  for  re¬ 
active  sputter  deposition.  The  discharge  contained  a  rare 
gas  f  O2 .  The  targets  were  vanadium,  niobium,  zirco¬ 
nium,  and  yttrium.  These  metals  form  a  sequence  down 
column  VB  of  the  periodic  table  and  across  the  second  long 
penod.  As  .  group,  they  have  a  broad  range  of  oxidation 
and  bulk  phase  formation  behavior.  The  independent  pro¬ 
cess  parameters  that  were  vaned  were  nominal  sputtenng 
gas  O2  content,  rare  gas  type  (R),  and  cathode  voltage 
(  F^).  Discharge  power,  growth  interface  temperature,  and 
growth  rate  are  dependent  upon  all  of  these  parameters. 

A  metal  target  surface  sputtered  in  a  rare  gas  contatnini 
a  small  nominal  amount  of  O2  getters  oxygen  (all  types i 
from  the  discharge.  As  the  nominal  gas  O2  content  is  in¬ 
creased,  an  oxide  forms  on  the  target  sur'i- r,  gettenng 
reaches  a  steady  state,  and  excess  oxygen  appears  in  the 
discharge  available  for  reaction  at  the  growth  interface. 
The  sputtered  flux  from  a,i  oxi''  red  target  surface  in  gen¬ 
eral  consists  of  meui  atoms.  M.  and  metal  bonded  to  ox¬ 
ygen  in  molecular  form(s).  collectively  denoted 
Earlier  studies  suggested  that  the  fraction  of  total  flux  sput¬ 
tered  as  molecules  was  proportional  to  the  M — O  bond 


strength.'"*  However,  recent  data  show  that  even  mole¬ 
cules  with  a  positive  free  energy  of  formation,  such  as  AuO 
and  AUO2.  sputtered  intact.’ 

In  light  of  the  above,  we  asked  the  following  questions 
about  the  growth  environment  for  the  metal -oxygen  sys¬ 
tems  studied  here:  ( I )  what  is  the  fractional  gaseous  flux  of 
M  and  M-O,  denoted  f**  and  f**"^,  where 
r-i-r^=i.  as  a  function  of  process  parameters;  (2) 
for  wh.st  process  parameter  sets,  denoted  (?(02.R,F,), 
does  excess  oxygen  initially  appear  in  the  discharge,  avail¬ 
able  for  reaction  at  the  growth  interface?  f*  and 
g(02,R,Fr)  were  used  to  index  the  growth  environment. 
A  phase  map  was  developed  for  each  metal-oxygen  sys¬ 
tem.  combining  these  indices  with  the  relevant  process 
parameter-metallurgical  phase  relations.  Common  fea¬ 
tures  in  the  phase  maps  of  all  systems  were  identiRed. 

We  know  that  the  growth  en''ironment  indices  chosen 
here  give  an  incomplete  pictire.  There  are  other  factors, 
including  indigenous  “activated"  oxygen  species  carrying 
internal  and/or  kinetic  energy  whose  bombardment  of  the 
growth  interface  potentially  has  a  strong  influence  on 
phase  formation.  However,  we  feel  that  these  species  are 
more  likely  to  influence  long  range  structural  order,  espe¬ 
cially  in  the  high  valence  oxides,  rather  than  controlling 
stoichiometry.  Thermodynamics  drives  each  of  these 
metal-oxygen  systems  towards  forming  the  high  valency 
oxide,  using  whatever  form  of  oxygen  is  available. 

II.  EXPERIMENT 

A.  Film  growth  arsd  characterization 

Films  were  grown  in  an  rf  diode  apparatus  operated  at 
13.56  MHz  by  sputtenng  a  13-cm  diam.  metal  (M 
=  Nb,V,Y,Zr)  Urget  bonded  to  a  water-cooled  (  —  15  *C) 
Cu  cathode.  Suprasil  fused  silica.  (Ill  )-cut  Si,  and  carbon 
foil  substrates  were  used,  each  required  for  a  specific  post- 
deposition  analytical  technique.  The  target-substrate  spac¬ 
ing  was  b  cm,  the  base  pressure  was  <  5  x  10  ’  torr,  and 
the  working  gas  pressure  was  I  x  10  ~  ^  torr. 
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In  this  experiment,  the  sputtering  gas  O2  content  was 
varied  over  a  range  that  included  a  metal  to  high  valency 
oxide  growth  equence  in  the  films.  The  rare  gas  (Ar  or 
Ne)  ion,  not  Oj*  ,  was  the  majority  sputterer  throughout 
this  range.  Several  values  of  cathode  voltage,  measured 
peak  to  peak  during  a  13.56  MHz  rf  cycle,  were  investi¬ 
gated  for  each  gas  composition.  Changing  these  process 
parameters  has  an  anticipated  influence  on  the  growth  en¬ 
vironment  indices.  A  higher  and  more  massivi  R  cause 
a  greater  extent  of  target  surface  oxide  dissociation  upon 
sputtering, resulting  in  a  larger  and  a  shift  of 
g(02,R,k'<.)  to  higher  gas  O2  content.  In  addition,  R  at¬ 
oms  in  low-lying  metastable  energy  states  (R”*)  engage  in 
plasma  volume  reactions  with  ground  sute  O2.  Two 
plasma  volume  reactions.  Penning  ionization,'  and  disso¬ 
ciative  transfer  of  excitation’  produce  oxygen  that  is  more 
reactive  with  metal  or  suboxide  at  both  electrodes  when 
Ne,  rather  than  Ar,  is  used,'®  with  the  effect  of  decreasing 
/"  and  shifting  C(02.R,I'(.)  to  lower  gas  O2  content. 

The  rf  forward  power  as  a  function  of  gas  composition 
and  for  the  metal-oxygen  systems  studied  here  is  re¬ 
ported  in  Refs.  1 1-15.  Contact  with  the  plasma  heated  the 
growth  interface,  with  most  of  the  temperature  nse  occur¬ 
ring  within  the  first  5  min  of  exposure.  In  a  separate  ex¬ 
periment,  films  were  deposited  on  Si  for  30  min  and  the 
discharge  was  extinguished.  A  movable  thermocouple  was 
then  immediately  placed  in  contact  with  the  film  surface, 
the  rate  of  temperature  decay  was  measured,  and  the  tem¬ 
perature  at  the  time  of  discharge  extinction  was 
e.timated"  For  our  setup,  temperature  (D  in  degrees 
kelvin  (K)  was  found  to  be  strongly  dependent  upon  rf 
forward  power  (P)  in  watts  (W)  according  to  the  empir¬ 
ical  relationship  R=  (3.5X  10  W/K  17^  -(-  50  W.  The 
working  temperature  ranged  from  73  *C  for  a  100-W  dis¬ 
charge  to  375  *C  for  a  670-W  discharge. 

Specific  details  of  post-deposition  film  analysis  are  ref¬ 
erenced  in  Secs.  III-VI.  In  summary,  thickness  was  mea¬ 
sured  with  a  profilometer.  Films  were  from  I  to  10  kA 
thick,  with  high  valency  oxides  in  the  1-5-kA  range.  The 
growth  rate  was  determined  by  dividing  thickness  by 
growth  lime.  The  crystallography  of  films  on  silicon  and 
silica  was  determined  using  double-angle  x-ray  diffraction. 
Rutherford  backscattering  spectrometry  was  used  to  ob¬ 
tain  the  M:0  atomic  concentration  (  ±  10%)  of  films  on 
carbon  ribbon.  Fast  Founer  transform  infrared  spectrom¬ 
etry  was  used  to  measure  optical  absorption  due  to  lattice 
vibrations  in  films  on  silicon,  giving  information  about 
metal-oxygen  short  range  order.  Resistivity  <  10'®pfl  cm 
was  determined  from  four-point  probe  measurements  of 
films  on  silica.  Near  ultraviolet-visible-near  infrared  opti¬ 
cal  transmission  and  reflection  were  measured  by  double¬ 
beam  spectrophotometry  for  films  on  silica,  from  which  the 
optical  absorption  coefficient  was  calculj  -d 


B.  In  situ  ditchargs  diagnostics 

tdptical  emission  spectrometry  was  used  tor  in  ^ilu  dis¬ 
charge  diagnostics.''  A  spectrometer  with  1200  and  240t) 
groove/mm  holographic  gratings  capable  of  0.5  A  resolu¬ 


tion  was  used  to  detect  radiation  of  wavelength  A  emitted 
from  the  plasma  volume  through  an  optical  window  with  a 
transmission  cutoff  at  3200  A. 

Emission  data  from  excited  M.  O,  and  spiecies  only 
were  used  to  develop  the  formalisms  in  Secs.  11  B  2  and 
lie  relating  to  phase  mapping.  However,  VO,  ZrO,  and 
YO  bands  were  also  observed  but  their  intensities  were 
difficult  to  quantify  due  to  the  mixed-gas  nature  of  the 
plasma. 


1.  Emission  from  metai  atoms 


The  intensity  of  radiative  electronic  transitions  of  ex¬ 
cited  neutral  metal  atoms  to  the  ground  state  was  moni¬ 
tored  at  /I  =  41 12,  4379,  6150,  A  for  V;  4059,  4101,  5079, 
5344  A  for  Nb;  3520,  3548,  3601  A  for  Zr;  and  3621.  4128. 
4143.  4236.  6191,  6793  A  for  Y" 

The  intensity  detected  at  A  due  to  a  transition  from 
upper  state  j  to  lower  state  /  is”  /,,  =  ((  fie/ 
4trA)AjfljgiA)],  where  Aj,  is  the  Einstein  coefficient  for 
spontaneous  emission,  is  the  upper  level  population  den¬ 
sity,  fi  IS  Planck’s  constant,  c  is  the  speed  of  light  in  vac¬ 
uum.  and  g(A)  is  the  detected  fraction  of  emitted  radia¬ 
tion.  rtj  =  ,  where  n,  is  the  lower  level  density  and  P,i 

is  the  probability  of  excitating  an  atom  to  the  upper  level. 
^■/  =  /  n,lv)a(v)dv,  where  n,(c)  is  the  free  electron  den¬ 
sity  in  the  plasma,  and  a(u)  is  the  scattering  cross  section 
for  excitation  of  an  atom  from  i  to  j  by  impact  with  a  free 
electron  with  velocity  u.  In  terms  of  the  ground  state  pop¬ 
ulation  density,  7,^ «  «/’,^(A)/A. 

With  respect  to  metal  atom  emission  intensity,  ,  in  an 
optically  thin  plasma  in  local  thermal  equilibrium,™  g( A) 
is  independent  of  and  gas  composition.  ,  the  ground- 
state  metal  atom  density,  is  derived  from  ilic  sputtei  yield, 
and  therefore  vanes  with  and  gas  composition.  P,^  is 
also  a  function  of  and  gas  composition,  since  these  pa¬ 
rameters  potentially  affect  n,(i;)  and  a(v).  However,  the 
gas  composition  range  of  pnmary  interest  here  coincides 
with  a  large  change  in  occurnng  over  a  small  range  of 
O2  content.  P,^  is  therefore  considered  to  be  a  function  of  R 
and  only.  Therefore; 


(I] 


That  is,  for  a  given  rare  gas  type  and  fixed  cathode  l  oliagf 
but  varying  gas  O,  content,  the  detected  emission  iniensiiv 
due  to  excited  metal  atoms  reiurning  to  the  ground  Mule  is 
proportional  to  the  density  of  ground  state  metal  atoms  in 
th.  discharge. 

Using  Eq  (I),  ihe  relative  inlensity  (/^  in  an  R  () 
discharge  operated  at  relative  lo  its  value  in  .1 
pure  R  discharge  operated  at  ihc  same  )  is 
I  R  I  1  H  I  (),  11  The  detection  limn  of  US 
ing  our  experimental  setup,  obtained  from  the  rnis  noisi 
limit  on  the  i^  sig.ial.  is  -  lO"  alonis/em  I  Ins  iiinii  loi 
responds  to  a  partial  pressure  of  ~  10  ’  tort.  si»  oulcrs  oi 
magnitude  lower  than  the  working  gas  pressure 
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2.  Fractional  flux  of  M  and  M-O  to  the  growth 
interface 

I  nily  sticking  CDcrfii.  lent  ol  the  sputtereii  flux  at  the 
growth  interlace  (negligible  desorption  into  the  vapor)  is 
assumed.  For  any  film  composition,  the  total  arnval  flux  of 
\t  atoms  plus  M-O  molecules  is  F  =  GiVp/lV  IF  is  the 
molecular  weight/mole  of  film,  .V  is  the  number  of  M 
atoms/mole  of  film,  and  p  is  the  film  density  The  total  flux 
of  all  sputtered  M  beanng  species  for  any  {O,  ,R, set, 
relative  to  its  value  in  a  pure  R  discharge  at  the  same  f'. , 

IS 

F‘  =  (GiVp/ffl'R  ^/(G.Vp/ff'lR  ^.o,  .0 

-G'lV'p'/lf"  (2) 

Writing  F'  as  the  sum  of  contributions  from  M  and  M-O 
species,  and  identifying  with  /' 

F- = /•  4- f 'M-O  ,j) 

Combining  Eqs.  (2)  and  (3),  and  normalizing  to  a  total 
flux  of  unity,  the  fractional  flux  of  M  atoms  to  the  growth 
interface  ts 

r  =  r/{G'N'p‘/W),  (4) 

and  the  fractional  flux  of  M-O  molecules  to  the  growth 
interface  is  /M-o  =  j  _  yM  Equation. (4)  expresses  in 
quantities  that  can  be  experimentally  determined. 

3.  Emission  from  oxygen  species 

Excited  Oj  molecules  do  not  produce  an  easily  detect¬ 
able  emission  spectrum  in  low  pressure  glow  discharges.^' 
Emission  from  O  atoms,  at  T  =  3947,  5331.  6157,  and 
7772-5  and  from  the  first  negative  system  of 
loris,^’  which  produced  bands  throughout  the  visible  spec¬ 
trum,  was  monitored.  The  initial  appearance  or  rapid  in¬ 
crease  in  O  and  0{  emission  was  used  as  evidence  of  the 
target’s  inability  to  getter  all  O,  from  the  discharge 

C.  Phase  mapping 

Phase  maps  were  constructed  by  graphing  phase  fields 
onto  process  parameter  space  and  overlaying  with  the 
growth  environment  indices,  which  are  as  follows  ( 1 )  The 
fractional  atomic  metal  flux  to  the  growth  interface,  /^, 
calculated  using  Eq.  (4). 

(2)  The  initial  appearance  or  rapid  increase  of  oxygen 
in  the  discharge  available  for  reaction  at  the  growth  inter¬ 
face,  at  the  coordinates  0(O2,R,RJ.  This  set  of  coordi¬ 
nates  IS  show.s  on  the  phase  maps  that  follow  for  each  rare 
gas  type  as  “(2(02,K,)” 

III.  VANADIUM-OXYGEN  SYSTEM 

There  are  single  and  mixed  valency  bulk  vanadium  ox¬ 
ides  at  STP.  The  phase  sequence  of  ongle  valency  oxides 
•s  VO  — VjO,  —  VOj  —  VjO,  A  homologous  senes, 
-  I  with  3q/i<9  in  which  V  takes  on  -t-  3  and  -b  4 
valency  lies  between  V.Oj  and  VO,  A  second  senes. 

,  I  with  3<nc6,  in  which  V  takes  on  i-  4  and  b  5 
valency,  lies  between  VOj  and  VjO,.  The  mixed  higher 
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Fic  1  The  inierlayer  spacing  of  sputter  deposited  vanadia  as  a  function 
of  gas  %0) 


valency  vanadium  oxides  and  (vanadia)  are  based  on 
ReOj-archetype  blocks.”  ^*’  Changes  in  stoichiometry  are 
accommodated  by  extended  defects  linking  these  blocks. 

In  spite  of  the  multitude  of  bulk  vanadium  oxides,  only 
two  structures  occur  in  the  films  studied  here;"''^'^^’^*  crys¬ 
talline  (r-)  vanadia  and  a  material  that  yielded  no  diffrac¬ 
tion  pattern,  temporarily  denoted  “V-oxide."  All  films 
wete  transparent,  colored  insulators  with  a  V  O  atomic 
ratio  of  0.4  (  ±  10%). 

Bulk  vanadia  has  an  orthorhombic  lattice.  Its  ex¬ 
tended  structure  consists  of  alternating  layers  of  V  -b  O 
atoms  and  O  atoms  alone  (vanadyl  O)  onented  parallel  to 
the  b  axis  or  (010)  crystallographic  direction.  In  this 
study,  c-vanadia  grew  with  the  b  axis  in  all  crystallites 
onented  normal,  i.e.,  layers  parallel,  to  the  substrate.  The 
interlayer  spacing,  b,  shown  in  Fig.  1  as  a  function  of  gas 
O2  content,  vaned  from  less  to  greater  than  the  bulk  con¬ 
stant  =  4.373  A  in  films  grown  in  Ar-02,"'^’’^*  and  was 
always  greater  than  b^  in  films  grown  in  Ne-02 
discharges.'^ 

An  intriguing  feature  of  vanadium  oxide  films,  and  ac¬ 
tually  a  clue  to  understanding  their  short  range  order,  is 
their  green  or  yellow  color  in  transmitted  light.  Each  struc¬ 
ture  can  have  either  color,  so  that  there  were  four  possible 
combinations:  green  V-oxide,  yellow  V-oxide,  green 
r-vanadia,  and  yellow  r-vanadia.  Bulk  single  crystal  vana¬ 
dia  is  yellow.  Spectrophotometry  studies^*"*'^'  of  as-grown 
and  air-annealed  films  showed  that  the  green  color  results 
from  an  intragap  absorption  band  near  the  fundamental 
optical  absorption  edge,  produced  by  a  V  *  *-vanadyl  O 
vacancy  defect.  In  films,  these  defects  are  associated  with 
b  <  b(2,  and  if  present  in  sufficient  number,  cause  local  order 
in  adjacent  V  -b  O  planes  to  collapse,  resulting  in  z  stack¬ 
ing  VjO,,  fault. The  relationship  between  interlayer 
spacing,  color,  and  intragap  absorption  can  be  seen  from 
Fig.  2,  whit  I  shows  the  optical  absorption  coefficient  ver¬ 
sus  incident  photon  energy  for  a  sequence  of  films  with  b 
ranging  from  4.363  to  4.381  A. 

The  fact  that  V-oxide  can  be  either  green  or  yellow 
indicates  that  short  range,  not  long  range,  order  ditermines 
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Fig  2  The  optical  absorption  coefficient  as  a  I'unction  of  incident  photon 
energy  for  four  c-vunadia  films 
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7^  +  50  W.  where  the  power  (/*)  is  in  watts  (W) 


color;  yellow  films  satisfy  the  condition  of  five  O  coordi¬ 
nated  with  a  central  V  whereas  green  films  do  not.  Yellow 
Voxide  films  lack  the  intragap  absorption  band  associated 
with  green  color  in  c-vanadia  with  b<bi^,  and  have  infra- 
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red  transmission  spectra  sin  iar  to  that  of  yellow 
c-vanadid.  Yellow  V-oxides  arc  hereafter  denoted  "a- 
vanadia."  All  ph'se  fields  are  shown  in  Fig.  3. 

With  respect  to  calculating  /'*  for  the  a-  and  c-vanadia 
phase  fields,  /'  and  G‘  were  taken  from  Refs.  1 1  and  12, 
and  the  bulk  VjOj  density  was  userj  in  Eq.  (4).  The  un¬ 
known  density  of  the  V-oxidcs  allowed  only  the  semiquan- 
iiative  estimate  of  /'^T=0  to  be  made  in  that  phase  field.  /'^ 
and  PtOj.l'f)  are  shown  in  Fig.  3. 

Ii  can  be  seen  that  the  growth  of  a-vanadia  and 
f-vanadia  with  b>  growth,  i.e..  all  yellow  films,  was  co¬ 
incident  with  (o)  a  vanishingly  small  j'^,  V-O  arnved  at 
the  growth  inierfacc  and  (b)  oxygen  available  for  reaction 
at  the  growth  interface  V-oxides  and  c-vanad'a  with 
h  <  bg.  all  green  films,  were  grown  when  /'  was  non- 
vanishing  and  there  was  insufticienl  oxygen  for  reaction  at 
the  growth  interface. 

P'lgurc  --hows  that  both  a-  and  c-vanadia  grew  urdcr 
conditions  of  a  vanishing  /''  and  oxygen  available  for  re¬ 
action  at  the  growth  inicrface  c-vanadia  replaced 
o-vanadia  as  ihe  gas  ().  content  and  F',  increased  Figure  4 
shows  the  phase  fields  for  a  and  c-vanadta  mapped  onto 
power  growth  rale  coirdinales.  with  growth  lempercture 
indicated  on  the  abscissa  l.ower  rale  and  higher  px'wer 
(higher  icmpcraturc)  promole  i -vanadia  growth,  a  general 
trend  that  is  m  .igrcemcni  with  the  classic  results  of  Kr,lio 
nan  and  Sneed  *  on  the  elemental  (je  system  The  a  .r 
vanadia  iransiiion  appears  ,o  he  independent  of  gas  con 
position  wiihin  if-  c\pt-rimenial  unccrlainlv  of  power 
I  t  ’S  \^  )  cupporiris  ihc  idea  a  thermally  induct'i! 
siructure  chance  However.  r-,-se  i'..la  show  that  Ihe  Iran 
siimn  temperaiure  for  a- vanadia  growth  is  so  low. 
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FiC  5  A  ph»M  m»p  for  lh«  niobium-ouygen  »y$iefn.  •.  Nlc,  ■,  Mb 
>  NbO.  T.  Nb  t-  NbO,.  O,  a-nK)bt».  i-niobia.  □.  cry«alUn«  niobia; 
soW  line,  C(0,.K,) 

~220*C,  that  ihe  role  of  active  oxygen  in  athermaliy  as¬ 
sisted  crystallization’’'^’  needs  to  be  considered. 

IV.  NICSIUM-OXYGEN  SYSTEM 

The  phase  sequence  of  bulk  niobium  oxides  at  STP  is’* 
NbO  (fee,  NaCl  structure) —NbOj  ( tetragonal )  — Nb^Oy 
(several  related  rhombohedral  forms  collectively  called 
niobia).  In  addition,  there  is  a  mixed  valency  homologous 
senes  between  NbOj  and  Nb20,  with  the  general  formula 
Nbj,  » |0,,  _  j.”  As  in  the  case  of  mixed  valency  V-oxides. 
this  senes  as  well  as  the  niobia  polymorphs  are  based  on 
ReOy  archetype  blocks. 

With  respect  to  sputter  deposited  films.”  Fig.  5  shows 
that  Ar-NOj  discharges  [Fig.  4(a) j  produced  Nb  -f  NbO 
and  NbO  -(-  NbOj  biphasic  structures,  whereas  Ne-Oj  dis¬ 
charges  [Fig.  5(b)}  produced  no  suboxidcs.  Crystalline 
(c-)  niobia  grew  only  when  a  high  voltage  Ne-50%  Oj 
discharge  was  used,  a-niobia  with  no  long  range  crystallo¬ 
graphic  order  grew  over  a  large  region  of  process  parame¬ 
ter  space.  All  a-  and  c-niobia  films  were  transparent,  col¬ 
orless  insulators  with  Nb:0  atomic  ratios  from  0.39  to  0.44 
(i:10%).  In  addition,  a  semitransparent,  grey  material 
denoted  "x-niobia”  which  had  no  long  range  order,  a  finite 
resistivity,  and  an  IR  absorption  spectrum  with  a  strong 
o-niobia  component,  was  formed  at  the  Nb-suboxide/a- 
niobia  phase  boundary. 

With  respect  to  calculating  f  and  G'  were  taken 
troiii  Kef.  13.  The  bulk  rhombohedral  Nb205  density  was 
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FiC  6  A  phase  map  For  the  ureonium-osygcn  system  O,  Zr,  4,  ZiO.  7 
m  +  i-ZrO;;  Q.  m-ZtOj,  solid  line.  QiO,,y,),  data  only  for 
y,  ^  '19  kV.  shown  as  dashed  line 

used  in  Eq.  (4)  for  a-  and  c-niobia  films.  Deciding  the 
correct  density  for  biphasic  films  was  a  challenge  because 
overlapping  diffraction  peaks  prevented  the  volume  frac¬ 
tion  of  each  phase  to  be  precisely  determined.  We  therefore 
used  the  limits  of  possible  density  to  calculate  two  separate 
data  points  for  each  set  of  {G',/'}  for  mixed  Nb  -I-  NbO 
and  NbO  -F  NbOj  films.  and  QlOi.F^)  are  shown  in 
Fig.  5 

It  can  be  seen  that  a-  and  c-niobia  growth  was  coinci¬ 
dent  with  (a)  a  small  /^;  >  80%  of  the  sputtered  flux  that 
arrived  at  the  growth  interface  was  Nb-O,  and  (b)  oxygen 
available  for  reaction  at  the  growth  interface,  x-niobia  also 
formed  when  /*^**-^  was  large,  but  in  this  case,  there  was 
insufficient  oxygen  at  the  growth  interface  to  complete  ox¬ 
idation.  Biphasic  metal  and  suboxide  films  grew  when 
was  large;  >70%  of  the  Nb  sputtered  from  the  target 
arrived  at  the  growth  interface  as  atoms,  and  there  was 
insufficient  oxygen  for  reaction  at  the  growth  interface. 

V.  ZIRCONIUM-OXYGEN  SYSTEM 

Monoclinic  (m-)  ZrOj  is  the  only  bulk  zirconium  oxide 
at  STP.*  However,  Fig.  6  shows  that  ZrO,  a  metastable 
phase,  and  f-ZrOj,  a  high  temperature  polymorph,  were 
formed  in  addition  to  m-ZrOy  in  sputter  deposited 
films.*'“” 

ZrO  was  identified  on  the  basis  of  three  orders  of  dif¬ 
fraction  from  {III}  planes  of  its  NaO-type  fee  structure. 
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Fig.  7  The  crystalline  dumeler  calculated  from  the  Scherret  a  ray  dif¬ 
fraction  relation  as  function  of  volume  %  ( 1 1  i  )-onenution  m-ZrO, 


ZrO  grew  with  solely  {ill}  planes  parallel  to  the  sub¬ 
strate,  with  a  2.6S-A  interplanar  spacing.  f-ZrOi  fonned  in 
a  mixture  with  m-zirconia.  In  bulk  matenal,  m  -4-  (-Zr02 
coexist  when  the  crysuliite  diameter  is  small.'*^*^  In  sput¬ 
ter  deposited  films,  the  amount  of  f-ZrOj  was  also  related 
to  the  crystallite  diameter,^^  as  shown  in  Fig.  7.  f-ZfOj  was 
not  stabilized  in  crystallites  with  diameter  >  13  nm.  The 
reason! s)  for  f-ZiOj  subilization  at  room  temperature  is 
still  under  debate.  An  early  but  challenged  explanation  is 
that  f-ZrO}  is  the  suble  phase  for  small  crystallites,  due  to 
the  dominance  of  the  surface  energy  contribution  to  the 
Gibbs  free  energy  of  formation  when  the  surface  area/ 
volume  ratio  is  large.  Another  explanation  is  that  r-ZtO;  is 
indeed  formed  as  a  metasuble  phase,  but  there  is  an  insuf- 
heient  driving  force  to  overcome  the  kinetic  barrier  to 
transform  it  to  m-Zr02  m-Zt02  Si****  formed  with  either 
solely  {111}  planes  (closest-packed  planes  in  the  struc¬ 
ture)  or  the  twin  {111- 1 11}  planes  parallel  to  the  sub¬ 
strate. 

With  respect  to  electrical  and  optical  behavior,  the  re¬ 
sistivity  of  ZrO  films  was  272^  14  fitl  cm,  compared  to  40 
nil  cm  for  Zr.  ZrO  films  were  metallic  in  appearance  with 
a  reflectance  of  0.S2  at  O.S  jum  radiation,  compared  to  0.67 
for  Zr.  All  Zr02  Aims  were  transparent,  colorless  insula¬ 
tors.  The  fundamental  optical  absorption  edge  of  m-ZiOi 
and  m  +  t-ZtOj  films  was  studied  and  related  to  band 
structure  calculations  for  each  polymorph. The  fact 
that  single-{llT}  orientation  /n-Zr02  could  be  produced 
allowed  easy  spectrophotometric  analysis  of  this  material 
without  internal  scattering  from  {llT-Ill}  twin  bound- 
anes  that  are  prevalent  in  bulk  material.  An  initial  indirect 
transition  across  the  energy  band  gap  of  m-ZrOi  at  4.70  eV 
and  two  direct  transitions  at  5.17  and  5.93  eV  were  iden¬ 
tified. 

With  respect  to  calculating  /^,  /'  data  were  known 
only  for  —  1 .9-kV  discharges.  Combining  this  data  with  G' 
(Ref.  43)  and  the  relevant  bulk  densities,  was  calcu¬ 
lated  to  be  <0.3  for  Ar  discharges  containing  2-20%  O2. 

hence  /^.  vanished  for  Ne  (>2%)-02  discharges,  i.e.. 

J.  Vac.  Scl.  Tacimol.  A.  Vo<.  11,  No.  4.  Jul/Aug  1993 


0  2  9  10  20  90 


Gas  %02 

FlO  8  A  phase  map  for  ihe  ytinum-oxygen  system  #.  c-Y,  closed  •. 
a-Y.H  muluooenuiioti  t-ytina;  □.  {Ml)-f-yttna;  O.  a-yttru.  solid  line. 
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1.  at  -  1.9  kV,  as  well  as  QiO^.V,)  for  Ar-O, 
and  Ne-02  discharges  operated  at  al'  values  of  K,,  is 
shown  in  Fig.  6. 

It  can  be  seen  that  a  large  is  associated  with  zir- 
conia  formation  if  there  is  sufficient  oxidation  available  for 
reaction  at  the  growth  interface.  A  large  is  also  as¬ 
sociated  with  ZrO  growth  if  there  is  insufficient  oxygen  at 
the  growth  interface  to  complete  oxidation.  Similar  condi¬ 
tions  produced  x-niobia,  as  described  in  Sec.  IV.  Based  on 
these  results,  we  proposed*'  that  ZrO  was  the  first  oxide  to 
be  formed  at  the  target  and  sputtered  intact  Only  when 
Zr02  was  formed  at  the  target  at  Q(02,R, F^)  and  the 
target  ceased  to  getter  all  oxygen  from  the  discharge  was 
Zt02  formed  in  the  film. 

VI.  YTTBIUM-OXYGEN  SYSTEM 

YjOj  (yttria)  with  a  bcc  bixbyite  structure  is  the  only 
bulk  yttrium  oxide  at  STP.**  The  80-atom  unit  cell  has  a 
distorted  fluorite  structure  with  vacancies  on  J  of  ihe  an¬ 
ionic  sites.  Y  occupies  two  structurally  nonequivalent  but 
chemically  equivalent  sites  within  the  unit  cell. 

Figure  8  shows  the  crystalline  (c-)  yttpa  films  grew  m 
Ar-02  discharges,  with  a  sole  {111}  orientation  over  much 
of  the  phase  field.  In  addition,  a  phase  with  no  long  range 
crystallographic  order  (u-yttria)  formed  in  films  grown  in 
Ne-02  discharges  operated  at  low  f',  All  a-  and  c-yttna 
films  had  a  Y:0  atomic  ratio  of  3.2  (  ±  10%)  and  were 
transparent,  colorless  insulators. 
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Fig  9  Th«  opiicil  abvirp<K)n  coefficient  u  a  function  ot  incident  photon 
eneriy  for  r-yiina  with  a  sharp  optical  edge  and  the  decompositioo  of  this 
edge  into  two  direct  transitions  across  the  band  gap.  The  data  for  each 
transition  were  fitted  to  a  curve  of  the  form:  o'  =  C(£  -  E^)  where 
C,  =  I  5x10’  (cm'cV)  =  5  07eV,  C„  =  3  3x10'®  (cin'eV)  ' 

£^,  =  5  73  eV, 


The  fundamental  optical  absorption  edge  of  c-yttria 
grown  under  certain  conditions  descnbed  below  consists  of 
two  direct  interband  transitions,  at  5.07  and  5.73  eV,  as 
shown  in  Figs.  9(a)-9(c).*’  This  edge  is  denoted  “sharp" 
and  its  structure  is  derived  from  two  split-off  Y  4d  sub¬ 
bands  at  the  bottom  of  the  yttria  conduction  band,  c-yttria 
grown  under  other  conditions,  also  described  below,  has  an 
optical  absorption  edge  in  which  the  distinction  between 
the  subbands  is  obscured,  as  shown  in  Fig.  10.  This  edge  is 
denoted  “smeared”  and  is  similar  to  that  of  a-yttria,  also 
shown  in  Fig.  10. 

Infrared  vibrational  absorption  spectra  data  for  a-  and 
c-yttria  are  recorded  in  Table  I.  A  single,  large  peak  dom¬ 
inates  all  spectra.  The  vibrational  frequency  v,  although 
lower  for  c-  than  a-yttria,  lies  within  the  range  repotted  for 
bulk  crystalline  yttria.*’  **  However,  the  distribution  about 
this  ft  uijuency,  Av,  is  smaller  in  c-  than  in  a-yttria,  indi¬ 
cating  a  smaller  distribution  about  an  average  Y — O  bond 


S.O  S.6  6.2 


E{eVl 

Fig.  10.  The  opticai  abiorpiion  coefficient  is  •  function  of  incideni  pho¬ 
ton  energy  for  yttria  with  a  smeared  optical  edge,  c-yttna  grown  with 
oiygen  available  for  icr<-tion  at  (a)  /”  »  0.44 ±009;  (b)  large  (c) 
a-yttria  grown  with  osygen  available  for  reaction  at  large  /**.  The  dashed 
line  in  (a)  is  a  fit  through  the  dau  for  (vyttria  with  a  sharp  edge 
from  Fig.  9. 

length  (or  strength).  IR  absorption  docs  not  distinguish 
between  c-yttria  with  a  sharp  versus  smeared  optical  ab¬ 
sorption  edge,  suggesting  that  disruption  of  crystal  field 
symmetry  (long  range  order  that  depends  upon  the  correct 
distribution  of  Y  in  the  two  structurally  nonequivalent  sites 
within  the  unit  cell),  rather  than  short  range  order,  is  re¬ 
sponsible  for  edge  smearing. 

With  respect  to  calculating  /^,  /'  and  CT  for  Ar-Oj 
discharges  were  taken  from  Ref.  14  and  used  with  the  bulk 
yttria  density  in  Eq.  (4).  and  Q(0},F,)  are  shown  in 
Fig.  8(a).  could  not  be  calculated  for  Ne-Oy  discharges 
because  there  was  a  selective  enhancement  of  two  of  the 
optical  transitions  monitored  here,  by  a  yet-to-be  identified 
broadband  source.  (One  possibility  is  dissociative  transfer 


Table  I.  Infrared  abwirptioa  characteristic  of  yttria  films  sputter  depca- 
ited  un  <1 1  l)-Si. 


Film 

Edge  type 

V  (cm  ‘  ')• 

6v  (cm ■  ') 

1  c-yttria 

Sharp 

561 

22 

2.  c-yttria 

Smeared 

559 

20 

3.  a-yttiia 

Smeated 

571 

32 

Single  crystal  (Ref.  43):  vw  5bl  cm 

bulk  powder  (Ref.  44): 

V  »  580  cm  ■  ' 

•±4  cm  ■ ' 
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of  excitation  from  Ne"  to  a  sputtered  YO  molecule.) 
Equauon  (4)  was  therefore  not  valid.  However,  it  is  qual- 
iutively  argued”  *’  that  there  was  a  large  excited  atomic  Y 
flux  incident  on  the  growth  interface,  denoted  f**  in  Fig. 
8(b),  when  Ne-Oj  discharges  were  used. 

It  can  be  seen  that  growth  of  c-yttria  with  a  sharp  op¬ 
tical  edge  was  coincident  with  (a)  a  small  \  —85%  of 
the  sputtered  flux  that  arrived  at  the  growth  interface  was 
Y-O,  and  (b)  oxygen  available  for  reaction  at  the  growth 
interface,  c-yttria  with  a  smeared  optical  edge  and  o-yttria 
formed  when  p  increased,  and  in  fact,  a  large  flux  of  ex¬ 
cited  Y  atoms  was  present.  Even  though  there  was  suffi¬ 
cient  oxygen  at  the  growth  interface  to  complete  oxidation, 
there  may  not  have  been  time  to  form  an  ordered  structure 
before  the  arriving  flux  quenched  surface  diffusion.  Yt¬ 
trium  metal  films  grew  when  f*  was  large  and  oxygen  was 
not  available  for  reaction  at  the  growth  interface. 

Vll.  SUMMARY 

In  this  study,  a  series  of  metal  (M  =  V,Nb,Y,21r)  tar¬ 
gets  were  sputtered  in  0]-bearing  discharges.  Films  were 
grown  on  substrates  at  low  temperature  (70-325  *C).  Op¬ 
tical  emission  spectrometry  was  used  to  index  the  growth 
environment  in  terms  of  (a)  the  fractional  flux  of  M  and 
M-O  species  to  the  growth  interface,  and  (b)  the  availabil¬ 
ity  of  oxygen  for  reaction  at  the  growth  interface.  The 
interrelation  of  process  parameters,  phase  formation,  and 
the  growth  environment  indices  was  presented  in  the  form 
of  phase  maps. 

Three  common  features  were  observed  in  the  phase 
maps: 

0 )  A  small  or  vanishing  j**  (large  and  oxygen 
available  for  reaction  at  the  growth  interface  resulted  in 
high  valency  oxide  growth,  e.g.,  a-  and  c-niobia,  c-yttria, 
m  -(-  r-  and  m-zirconia,  and  a-  and  c-vanadia. 

(2)  A  small  or  vanishing  (large  /**"°)  but  insuffi¬ 
cient  oxygen  at  the  growth  interface  resulted  in  suboxide 
growth,  e.g.,  ZrO,  x-niobia,  and  possibly  V-oxides. 

(3)  A  large  f*  and  insufficient  oxygen  at  the  growth 
interface  resulted  in  metal  and  suboxide  growth,  e.g  ,  Y. 
Nb,  NbO,  NbOj,  and  possibly  V-oxides. 

These  results  show  that  as  well  as  /**  must  be 
taken  into  account  when  modeling  reactive  sputter  deposi¬ 
tion.  Highest  valency  oxide  films  are  in  general  grown  by  a 
reaction  between  M-O  and  oxygen  at  the  growth  interface. 
However,  the  growth  environment  indices  used  here  do  not 
explain  differences  in  the  structure  of  the  highest  valency 
oxides  in  the  same  system,  e.g.,  crystalline  versus  vitreous 
var.cdia.  monoclinic  versus  tetragonal  zirronia.  The  exam¬ 
ination  of  additional  growth  environment  features  is  un¬ 
derway,  including  consideration  of  ihe  kinetic  eneigy  and 
electronic  excitation  of  oxygen  species. 
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Core  level  and  valence  band  x-ray  photoelectron  spectroscopy  of  gold  oxide 
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Rc.ieiive  spinier  deposition  was  used  to  grow  a  phase  separated  0  40  Au/0  36  AUjO,/0  04  Au- 
hydiosidcecrniet  him  and  s  ray  photoeicctron  speetroseopy  was  used  toexamm- the  Au  4/and  O 
1 V  core  electron  binding  energy  of  each  phase  The  valence  band  structure  of  Au,0,  is  reported 
here  for  the  hrst  time,  and  consists  of  an  <)  2p  clcctron-denved  peak  centered  at  5  5  eV  and  a 
density  of  states  that  approaches  zero  at  the  Fermi  energy,  characteristic  of  a  semiconductor  The 
results  are  compared  to  other  third  long  pcrnvl  conducting  and  semiconducting  oxides. 


I.  INTRODUCTION 

Auric  oxide  ( AujO, ),  with  a  volume  free-energy  of  forma¬ 
tion  of  +  39kcal/mol,'  cannot  oe  synthesized  in  bulk  under 
conditions  of  equilibrium  thermodynamics.  We  have,  how¬ 
ever,  used  reactive  sputter  deposition  to  produce  ceramic- 
metal  composite  ( cermet )  films  in  which  one  of  the  compo¬ 
nents  is  AUjO, and  used  x-ray  photoelectron  spectroscopy 
to  determine  the  chemical  shift  in  Au  4/ core  electron  bind¬ 
ing  energy  in  this  compound  Here,  a  corresponding  shift  in 
the  O  li  electron  binding  energy  is  reported.  Furthermore, 
the  valence  band  structure  of  AUjOj  is  reported  for  the  first 
time,  and  discussed  in  relationship  to  the  oxides  of  other 
third  long  period  metals.^ 

II.  EXPERIMENTAL 

An  Au/Au-oxide  cermet  film  was  grown  on  a  Si-<lll> 
substrate  by  sputtering  a  99.99%,  76mmdiam  Au  target  in  a 
radio-frequency  (rf)-excited  50%  Nc-50%  O,  discharge.' 
The  substrate  was  chemically  cleaned  using  a  chelating  pro¬ 
cedure  before  being  placed  in  the  chamber  and  sputter 
cleaned  in  an  Ar  discharge  before  deposition.  The  sputtering 
chamber  base  pressure  was  <5x10  ’  Torr.  The  sput»ering 
gases,  99.996%  pure  Ne  and  99.99%  pure  O,,  were  ad¬ 
mitted  separately  into  the  chamber  using  mass  flow  control¬ 
lers.  The  total  gas  pressure  was  1x10'  Torr.  The  depo¬ 
sition  was  carried  out  at  —  1  kV  peak-to-peak  cathode 
voltage  with  a  grounded  anode  With  a  shutter  covering  the 
substrate,  the  target  was  sputtered  for  10  min  in  Ne  and  then 
for  10  min  in  50%  Ne'50%  O, .  When  an  Au  target  is  sput¬ 
tered  in  an  O-bearing  discharge.  Au-O  molecular  complexes 
are  formed  at  and  sputtered  from  the  target  surface.'  *  The 
delivery  of  these  complexes  to  the  substrate  is  essential  for 
Au-O  bonding  in  the  film.''’  The  purpose  of  the  presputters, 
therefore,  is  to  allow  target  surface  reactions  that  produce 
these  species  to  reach  dynamic  equilibrium.  The  shutter  was 
then  opened  and  a  70-nm  thick  film  was  deposited  at  the  rale 
of  1.2  nm/min. 

A  Perkin-Elmer  PHI  Model  5400  electron  spectroscopy 
for  chemical  analysis  (ESCA)  system  equipped  with  a  15 
keV  Mg  Ka  radiation  source  was  used  for  core  level  and 
valence  band  x-ray  photoelectron  spectrometry.  The  instru¬ 
ment  was  calibrated  using  the  Au  4/,.,,  electron  binding  en¬ 
ergy  of  a  gold  foil  standard  at  84.0  ±  0  2  eV. 


With  respect  to  other  film  properties,  the  crystallography, 
icsistivity,  and  optical  reflectivity  at  500  nm  incident  photon 
wavelength  were  reported  in  Ref.  2.  To  summanze  here,  the 
film  showed  a  single  broad  x-ray  diffraction  (XRD)  peak 
attributable  to  ( 1 1 1  >  planes  of  the  Au  lattice.  The  integrated 
intensity  of  the  peak  was  l/lOOth  of  its  value  for  an  Au  film 
of  the  same  thickness.  The  electrical  resistivity  of  the  film 
was  7.5  ±  1.1  X  10' /iD  cm,  —  3  orders  of  magnitude  greater 
than  that  of  a  pure  Au  film  of  the  same  thickness.  The  optical 
reflectivity  at  500  nm  is  26  ±  4%,  ~  1/2  of  its  value  for  an 
Au  film  of  the  same  thickness,  and  of  the  bulk  material.  The 
cermet  film  had  a  bronze  color  in  reflected  light. 

III.  Au  4f  AND  O  is  CORE  ELECTRON  BINDING 
ENERGY 

The  Au  4/ electron  spectrum  of  the  cermet,  shown  in  Fig. 
1,  is  more  complicated  than  for  a  pure  Au  film,  shown  in  the 
insert,  and  is  resolved  into  five  Gaussian  peaks  with  binding 
energy  and  relative  integrated  intensity  recorded  in  Table  I. 
These  peaks  can  be  related  to  contributions  from  metallic  Au 
and  Au  bonded  to  O  in  two  different  oxidation  states  using 
the  following  information;  (1)  the  Au  4/,,,  and  4/,,^ 
electron  binding  energy  for  metallic  Au  is  84.0  and 
87.7  eV,  respectively,  (2)  the  energy  splitting  between  the 
Au  4/,^  and  total  angular  momentum  (/)  states 
corresponding  to  the  same  Au  oxidation  state  is  3.7  eV,  and 
(3)  the  integrated  intensity  ratio  of  the  7/2:5/2  states 
is  equal  to  the  ratio  their  multiplicities  (2y-f-l). 
{(2(7/2)  -I-  ll:(2(5/2)  +  I)}  =4:3. 

With  respect  to  Fig.  1,  peak  A  is  attributed  to  the  4/,/j 
state  in  metallic  Au.  Peaks  B  and  D,  whose  integrated  inten¬ 
sities  /(B)  and  /(D)  are  in  the  ratio  of  4:3,  are  attributed  to 
the  4/,/,  and  4/,^,  states  of  Au  bonded  to  O  in  a  phase  de¬ 
noted  here  “Au-oxide  1.”  Peak  E  is  attributed  to  the  4/vi 
state  of  Au  bonded  O  in  a  phase  denoted  here  “Au-oxide  2.’ 
Peak  C  is  the  sum  of  contributions  from  the  4/,^  state  in 
metallic  Au,  of  intensity  is  3/(A)/4,  and  the  4/,  ,,  state  in 
Au-oxide  2,  of  intensity  4/(  E)/3.  The  fact  that  the  measured 
intensity  of  peak  C  equals  the  calculated  intensity 
(3/(A)/41  +  (4/(E)/31  supports  the  correctness  of  its  as¬ 
signment. 

Based  on  the  chemical  shift  observed  for  the  anodic  oxida¬ 
tion  products  of  Au,'”  Au-oxide  1  was  identified  as  auric 
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Fw  I  The  Au  4/  and  O  li  eieciron  binding  energy  spectra  of  a  0  40 
Au/0.5b  Au,  O,  /0.04  Au-hydroxide  cermet  film.  The  intensity  scale  factor 
rfthe  Au4/$pecirum  is  JX  (fiat  of  (heO  li  spectrum.  TTte  Aud/efectron 
spectrum  of  an  Au  film  is  shown  in  the  insert. 


oxide,  Auj  O,,  and  Au-oxide  2,  as  a  hydrated  form,  possibly 
Au(OH),.  In  addition  to  the  electrochemical  study  cited 
above,  Au  4/ electron  spectra  of  the  form  shown  in  Fig.  I 
have  been  obtained  from  an  Au  surface  that  had  been  sput¬ 
tered  in  O, ,"  and  from  an  Au  surface  that  had  been  etched 
in  CF,  atiJ  subsequently  hydrolyzed  in  air.  TTie  atom  frac¬ 
tion  of  Au  in  each  phase  of  the  cermet  was  calculated  from  a 
ratio  of  the  Au  4/,^  electron  peak  intensities,  and  the  phase 
composition  of  the  cermet  was  determined  to  be  0.40 
Au/0.56  AujOj/OOd  Au-hydroxide. 

The  O  Is  electron  binding  energy  peak  of  the  cermet, 
shown  in  Fig.  I ,  is  centered  at  530. 1  eV,  and  based  on  electro¬ 
chemical  data'”  is  attributed  to  O  bonded  to  Au  in  Au,  O, . 


Taile  I.  XPS  Au  4/eIeclron  binding  energy  inaO  40  Au/0  S6  Ao,0,/004 
Au-hydroxide  cermet  film 


Peak 

Binding  energy 
feV) 

Rel  intensity 

J,  assignment 

A 

84  0 

60 

7/2  Au 

B 

85  9 

ino 

7/2  Au,0, 

C 

87  7 

5J 

5/2  Au  4 

7/2  Ao-hydfOAide 

D 

89  6 

75 

5/2  Au,0, 

E 

91  4 

6 

5/2  Au-hydfO*i\.e 

The  small  shouldtf  ai  —  532  5  eV  is  attributed  toO  in  water 
and/or  hydroxyl  groups.'”  '^  The  ratio  of  Au/O  atoms  in 
the  Au,  Oj  phase  of  the  cermet  was  calculated  from  the  ratio 
of  the  integrated  intensities  of  the  Au  4/,„  pe3|(  jn  Au,0, 
(peak  B)  to  the  O  l.t  peak,  adjusted  to  the  same  scale  and 
divided  by  their  sensitivity  factors,"  and  found  to  be  0  6,  in 
good  agreement  with  stoichiometry. 

On  the  basis  of  XRD  and  x-ray  photoclectron  spectrosco¬ 
py  (XPS)  data,  the  proposed  structureof  the  film  is  that  of  a 
phase-separated  material  consisting  of  a  mixture  of  Au  and 
Au,0,,  with  a  small  amount  of  Au  hydroxide.  The  0-bcar- 
ing  phases  have  no  long  range  order  detxtable  by  X  RD,  and 
the  Au  phase  is  microcrystallinc. 

IV.  Au,0,  VALENCE  BAND  STRUCTURE 

Figure  2  shows  the  upper  part  of  the  valence  band  of  the 
cermet,  from  the  Fermi  level  (Ef)  at  zero  binding  energy  to 
lOcV  below  Ef.  The  valence  band  spectrum  obtained  from  a 
meullic  Au  film  is  shown  for  comparison  in  the  insert  in  Fig. 
2.  The  Au  stales  do.Tiinale  the  metallic  Au  spectrum  from 

1.5-8  eV,  with  Au  6j  sutes  at  the  Fermi  edge.'*  The  cermet 
valence  band  spectrum  is  a  composite  of  contributions  from 
metallic  Au  and  the  O-bearing  phases.  The  metallic  Au  com¬ 
ponent  was  separated  out,  assuming  the  same  atomic  density 
for  Au  in  the  pure  metal  film  and  in  the  metallic  component 
of  the  cermet.  The  difference  spectrum,  shown  in  Fig.  3, 
represents  the  valence  band  of  Au,  O, ,  “contaminated”  with 
~  7%  Au  hydroxide.  This  spectrum  consists  of  a  single  peak 
centered  at  -  5.5eV  below  Ef,  with  shoulders  at  —2  and  8 
eV,  and  is  similar  in  form  to  the  valence  band  of  o-PtO, 
ReO,*  andNa.WO,  (sodium-tungsten  bronzes)’  valence 
band  spectra  have  similar  structures  centered  at  5  5-7  eV 
below  which  are  attributed  to  O  2p-derived  states.  The 
high  energy  binding  shoulder  is  possibly  due  to  the  3<7  orbital 
of  OH  ",  keeping  in  mind  that  the  fine  structure  in  the  cer- 
mel-minus-gold  valence  bind  difference  spectrum  shown  in 
Fig.  3  is  somewhat  speculative  because  the  cross  section  for 
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f-io  I  I  he  valence  hano  oi  the  AuA),  phase  of  the  cermel.  including  7% 
Au  hydioaide  The  iniensny  scale  factor  is  ihe  same  in  Figs  2  and  3 


Au  5</ electrons  is  much  larger  than  for  02p  electrons.  How¬ 
ever.  unlike  ReO,,  Na.WO,.  and  other  third  long  period 
conducting  oxides,  IrO,  and  OsO,.  which  have  filled  metal 
d  O  Ip,  states  that  form  a  split-offband  centered  just  below 
Ef  with  a  significant  number  of  slates  at  Ef*  it  can  be  seen 
from  Fig  3  that  the  n  umber  of  valence  band  states  tn  AUj  O, , 
like  PtO,  ’  approaches  zero  at  Ef,  characteristic  of semi¬ 
conductor. 
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TTie  sputter  deposition  of  highly  <100  (X)l  )-textured  tetragonal  BaTiOs  on  unheated 
substrates  using  a  pressed  powder  BaTiO,  target  and  a  radio  frequency-excited  Ne  discharge 
IS  reported.  For  companson.  amorphous  BaTiOj  was  also  produced,  using  an  Ar 
discharge  operated  at  the  same  value  of  all  other  independent  process  parameters.  In  situ 
discharge  diagnostics  using  optical  emission  spectrometry  was  used  to  study  the  plasma 
volume.  Data  show  that  there  was  atomic  Ti  but  no  atomic  Ba  in  the  Ne  discharge  used 
to  produce  r-BaTi03.  However,  both  atomic  Ba  and  Ti  were  identified  in  the  Ar  discharge  used 
to  produce  j-BaTiOi.  A  probable  source  of  free  Ba  atoms  in  the  plasma  is  the  reduction 
of  BaTiOj  at  the  target  surface  due  to  the  sputtenng  action  of  Ar "  ions.  By  companson  with 
other  sputter-deposited  metal  oxide  systems,  the  effect  on  film  crystallinity  of  atomic 
metal  versus  molecular  metal  oxide  flux  incident  on  the  substrate  is  discussed. 


At  room  temperature,  barium  titanate  (BaTi03)  is  a 
wide  band  gap  ferroelectnc  matenal  with  a  high  dielectnc 
constant  and  high  optical  index  of  refraction.  The  bulk 
matenal  has  a  tetragonal  crystal  structure  (r-BaTiO;)  at 
room  temperature  that  is  denved  by  a  displacive  phase 
transition  from  a  high  temperature  (  >  120*0,  nonpolar- 
izable.  paraelectnc  state  with  the  cubic,  perovskite-type 
lattice  structure.'  The  polarization  axis  of  r- BaTiOj  is 
along  the  [001]  or  c  direction. 

Recent  interest  in  BaTiOj  thin  films  for  use  in  nonvol¬ 
atile  ferroelectric  memory  devices  requires  fabncating  the 
matenal  in  the  tetragonal  phase.  Deposition  by  sputtenng 
a  pressed  powder  BaTiOj  target  in  Ar  or  Ar/Oj  discharges 
had  previously  been  attempted  for  this  purpose, but 
r-BaTiOj  grew  consistently  only  on  substrates  heated  to 
>500  *C.  with  one  exception:  Mansingh  and  Kumar  re¬ 
cently  produced  r-BaTiC ,  on  a  200  *C  substrate  using  an 
,Ar-209J:  O-  discharge."  In  general,  however,  an  amorphous 
or  poorly  crystallized  structure  was  produced  on  unheated 
substrates,  or  even  on  heated  substrates  after  the  target  had 
been  sputtered  for  a  penod  of  time.  Changes  in  irget 
chemistry  due  to  aging,  in  particular  reduction,  were  sus¬ 
pected.  Here,  we  report  the  growth  of  r-BaTiOj  on  un¬ 
heated  substrates  from  a  pressed  powder  BaTiOi  target 
and  an  rf-excited  Ne  discharge.  For  companson.  amor¬ 
phous  BaTiOj  was  also  produced,  using  an  Ar  discharge. 

Films  were  grown  in  a  planar  diode  sputter  deposition 
system.  The  target  was  a  1 2.7-cm-diam.  hot-pressed 
BaTiOi  ceramic  disk  of  99.9%  punty  bonded  to  a  water- 
cooled  St  sin  less-steel  cathode.  Depositions  were  made  at 
—  1.0  kV  peak-to-peak  cathode  voltage,  with  a  grounded 
anode  and  a  S  cm  anode-cathode  spacing.  Films  i  denoted 
by  an  unpnmed  letter )  were  grown  on  uv-visible  transpar¬ 
ent  Suprasil  11  fused  silica  flats,  and  ( denoted  by  a  pnmed 
letter)  on  IR-transparent.  high  resistivity  <l  ID-cut  silicon 
rounds.  After  a  tnple  solvent  clean."  the  substrates  were 
placed  on  a  water-cooled  Cu  pallet  that  had  been  previ¬ 
ously  coated  with  ~  lO  nm  of  BaTiOj  to  prevent  backsput- 
tenng  of  Cu  and  its  incorporation  into  the  growing  film. 


The  chamber  was  evacuated  to  a  base  pressure  of 
6  66x  10“’  Pa  (5 X  10“’  Torr).  throttled,  and  backfilled 
to  an  operating  pressure  of  133  Pa(lxl0“^  Ton). 
99.996%  Ne  or  99  999%  Ar  was  used  as  the  sputtenng 
gas.  The  total  gas  pressure  was  measured  with  a  capaci¬ 
tance  manometer.  Gas  was  introduced  into  the  chamber  at 
a  flow  rate  of  20  seem.  With  a  shutter  covenng  the  anode, 
the  target  was  presputtered  for  20  mm  with  the  rare  gas 
used  for  the  deposition,  to  allow  the  target  surface  chem¬ 
istry  to  equilibrate.  Films  A  and  A'  were  deposited  in  Ne  at 
a  power  level  of  325  W.  Films  B  and  B'  were  deposited  in 
Ar  at  a  power  level  of  300  W. 

Optical  emission  spectrometry was  used  for  in  siiu 
sputter  deposition  discharge  diagnostics,  in  order  to  exam¬ 
ine  the  extent  of  BaTiOj  target  dissociation  due  to  the 
sputtering  process.  An  optical  spectrometer  with  1200  and 
2400  groove/mm  holographic  gratings  capable  of  0.5  A 
resolution  in  the  near  ultraviolet  to  near  infrared  spectrum 
was  used  to  sample  radiation  of  wavelength  A  emitted  be¬ 
tween  the  anode  and  cathode  through  an  optical  window. 
The  optical  emission  intensity  /(A)  of  radiative  electronic 
transitions  of  excited  neutral  metal  atoms  to  ground  state 
were  monitored  at  the  following  wavelengths:  for  Ba, 
A  =  3501  A  in  Ar  and  5535  A  in  Ne;  for  Ti.  A  =  3956  A  in 
Ar  and  3642  A  in  Ne."  In  addition,  for  the  purposes  of 
calibration  an  Ar  line  at  4702  A  and  a  Ne  line  at  3472  A 
were  monitored.  Assuming  the  condition  of  an  optically 
thin  plasma  in  local  thermal  equilibnum.  /(A)  is  propor¬ 
tional  to  the  number  of  ground  state  metal  atoms  in  the 
discharge.'^ 

Film  thickness  was  determined  using  a  Tencor  Alpha 
Step  model  200  profilometer  to  measure  the  height  of  a  step 
produced  by  masking  a  region  of  the  substrate  during  dep¬ 
osition.  Growth  rate  was  determined  by  dividing  thickness 
by  deposition  time.  Film  A  was  580  nm  thick  and  depos¬ 
ited  at  a  rate  of  3  nm/min.  Film  B  was  662  nm  thick  and 
deposited  at  a  ate  of  1 1  nm/min.  The  crystallography  of 
films  A  and  P  was  determined  by  double-angle  x-ray  dif¬ 
fraction  (XRD)  using  Cu/Ta  radiation  (A  =  1.5418  A). 
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FtG  I  X  r*y  diffrjetion  paiienij  for  (i)  (-B»TiO,  film  \  uid  (b) 
o-BaTiOi  film  B 

The  diffractometer  was  calibrated  using  the  {01.1}  peak  of 
a  quani  standard  at  29  =  26.66  d: 0.02*  whose  width  was 
0,25*.  A  Nicolct  model  MX-l  FT  IR  spectrometer  was 
used  to  obtain  the  infrared  transmission  spectra  of  films  A' 
and  B'  The  instrument  was  calibrated  using  a  polystyrene 
standard  to  an  accuracy  of  *  4  cm  in  the  wave  number 
region  of  interest,  400-4000  cm  ‘  '  (25.0-2.5  ^m). 

Figu'-e  I  shows  XRD  patterns  taken  from  films  A  and 
B.  Film  A  IS  r-BaTiOs-  Its  XRD  pattern  consists  of  a  major 
peak  at  29  -  4}  5*  attributed  to  {200  -t-  002}  planes.  Minor 
peaks  with  relative  intensity  <4%  at  38.5*  and  31.0*  are 
attributed  to  {111}  and  {llO-i-  101}  planes,  respectively. 
The  wide  peak  centered  at  -  22*  is  due  to  diffraction  from 
{100 -<-001}  planes  and  fused  silica  substrate  microcrys¬ 
tallites.  The  relative  {llO-i-lOl}.  {111}  {2001 

-*- 1002}:{1(X) (X)!}  intensity  in  bulk  t-BaTiOi  is 
100:46:35;12.  Film  A,  therefore,  has  a  strong  preferred 
( 100  4-  (X)l>  texture.  The  XRD  pattern  of  film  8  is  iden¬ 
tical  to  that  of  the  bare  silica  substrate,  not  shown  in  Fig. 
I  Film  B.  therefore,  has  no  long  range  crystallographic 
order  and  is  identified  as  o-BaTiO;. 


Films  A  ard  B  are  transparent  and  colorless  in  trans¬ 
mitted  visible  light  The  infrared  transmission  spectra  of 
both  films  A  and  B'  show  a  maior.  featureless  absorption 
band  centered  at  -  5 10  cm  ‘  ‘  and  extending  from  450-020 
cm  ■  charactenstic  of  shon-range  order  in  bulk 
t-BaTiO, 

/(/t )  data  show  that  there  was  atomic  Ti  but  no  atomic 
Ba  sputtered  from  the  target  surface  by  the  Ne  discharge 
used  to  produce  /-BaTiOj  film  A.  However,  both  atomic 
Ba  and  Ti  were  sputtered  from  the  target  surface  by  the  Ar 
discharge  used  to  produce  a-BaTiOi  film  B,  A  probable 
source  of  free  Ba  atoms  in  the  plasma  is  the  reduction  of 
BaTiO)  at  the  target  surface  due  to  the  sputtenng  action  of 
Ar  *  ions.  Ne,  because  of  its  lower  momentum  transfer 
function  to  either  Ba  or  Ti,  would  not  be  expected  to  be  as 
effective  at  dissociating  BaTiOj  at  the  target  surface.  The 
arrival  to  the  substrate  of  metal  atoms,  as  opposed  to  meui 
bonded  to  O  in  molecular  form  dunng  growth  of  other 
oxides  (yttna.  zircoma.  vandia,  niobia.  zinc  oxide),  has 
been  found  to  produce  films  with  increased  structural 
disorder. as  we  conclude  to  be  the  case  here. 
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Abstract — Thts  paper  reviews  our  work  wuh  tow  pressure  reacitve  sputter  deposttion  as  a 
viable  method  for  producing  nonocrystallineAlN  An  aluminum  target  and  rare  gas-N2  discharges 
were  used  to  grow  films  on  water-cooled  <lll>-Si.  fused  S1O2.  carbon  ribbon,  and  1008  steel 
substrates  In  situ  optical  emission  spectrometry  was  used  for  real-time  process  monitoring  A 
relationship  between  A/2  ♦M/ flux  to  the  substrate  and  nanocrysiallite  formatton  is  presented.  Wlh 
respect  to  film  behavior,  optical  absorption  was  studied,  and  the  near-ultraviolei  fundamental 
absorption  edge  was  modeled  using  the  coherent  potential  approximation  The  optical  band  gap 
was  determined  to  be  5  50-5  64  eV,  compared  to  6  iSeVfora  "perfect,  infinite-sue"  AIN  crystal 
We  also  demonstrate  the  use  of  this  material  as  an  excellent  self-sealing  corrosion  protection 
coating  for  steel 


1.  INTRODUCTION 

Physical  sputter  deposition  at  high  pressure  ('  100  mton)  is  used  to  produce  nanocrysialline 
metals  and  metallic  composite  films  ( I)  A  metal  target  is  sputtered  in  a  rare  gas  discharge.  The 
mean  free  path  of  sputtered  species  at  this  pressure  is  <0.5  mm.  two  orders  of  magnitude  smaller 
than  a  typical  target-substrate  spacmg  of  5  cm.  Collisions  that  produce  nanosize  clusters  of 
sputtered  atoms  in  the  discharge  are  therefore  possible.  The  clusters  condense  intact  on  a  cold 
substrate  (2).  forming  a  nanocrysiaibne  film. 

High  pressure  physical  sputter  deposition  from  a  ceramic  target  has  also  been  used  to 
produce  nanocrysialline  ceramic  films  (3)  As  m  the  case  of  low  pressure  sputter  deposition,  some 
degree  of  dissociation  of  the  ceramic  target  surface  will  in  general  occur  (4).  and  the  material 
collected  at  the  substrate  will  be  metaJ-nch  (3).  Subsequent  annealing,  an  additional  process  step 
with  the  nsk  of  crystallite  growth,  must  then  be  undertaken  to  produce  stoichiometry. 

By  judicious  choice  of  process  parameters,  rcacuve  sputter  deposiuon  from  a  metal  target 
at  low  pressure  (-10  miorr).  a  process  that  is  normally  used  to  grow  films  with  larger  crystallite 
size,  will  produce  nanocrysialline  high  valency  ceramics. as  well.  The  mechanism,  however,  is  not 
cluster  formation  Ji  the  discharge  and  subsequent  "frcezuig"of  these  clusters  on  the  substrate.  The 
mean  free  path  of  sputtered  species  is  5  mm  at  10  mtotr.  too  long  to  produce  the  requued  number 
of  collisions  for  cluster  formation.  Instead,  nanocry  stalliniiy  occurs  by  clustering  on  the  substrate. 
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as  a  pan  of  ihe  phase  fonnation  sequence  from  metal  to  ceramic  as  the  reaaive  gas  content  of  the 
discharge  is  increased. 

When  a  metal  (M)  target  is  sputtered  in  a  rare  gas  discharge  containing  increasing  amounu 
of  reactive  gas.  e.g.  02  or  N2.  the  generalized  phase  formation  sequence  at  the  substrate  is  as 
follows:  M  doped  with O or  N(M:0  or  M:N)->  M-suboxide(s)orM-subnitnde($)->  high  valency 
M  oxide  or  M-nitnde.  In  some  metal-oxide  and  metal-nitride  systems,  the  first  structural  form  of 
the  high  valency  phase  in  the  above  sequeiKe  is  nanocrystalline.  This  effect  has  been  observed  for 
several  spuuer  dqxisited  ceramics  including  Zt02.  where  nanocrystallinity  is  accompariied  by 
stabilizauon  of  a  high  temperature  polymorph  (S)  to  be  disctisserl  in  a  future  paper,  and  AIN  (6- 
10).  surveyed  here. 

The  outline  of  this  paper  is  as  follows.  The  experimental  details  of  nanocrystalline  AIN  film 
growth  are  presented  in  Sec.  11.  Film  characteristics  including  optical  behavior  are  given  in  Sec. 
III.  A  praaical  application  for  nanocrystalline  AIN,  as  a  “self-sealing"  corrosion  protection  nim 
(1 1-13)  on  steel,  is  demonstrated  in  Sec.  IV.  followed  by  a  brief  conclusion  in  Sec.  V. 


n.  FILM  GROWTH 

A  radio  frequency  diode  apparatus  was  used  for  film  growth.  A  99.9995%  pure  aluminum 
target  was  thermally  bonded  to  the  water-cooled  stainless  steel  cathode  and  sputtered  in  rare  gas- 
N2  discharges,  as  detailed  in  Refs  6, 7.  and  9.  Films  were  grown  on  <  1 1 1>-Si.  suprasil  fused  Si02. 
carbon  foi I.  and  polished  1008  steel  substnies.  The  subsuaies  were  placed  in  thermal  contact  with 
the  water-cooled  (IS  *Q  copper  anode.  The  target-substrate  spacing  was  5  cm.  The  chamber 
pressure  before  backfilling  with  the  sputtering  gas  was  -10*7  lotr  and  the  total  working  discharge 
pressure  was  10  mtoir. 

Two  prespuaers  preceded  each  deposition,  during  which  time  the  substrates  were  shuttered 
from  the  sputtered  flux.  The  fust  prespuuer  was  carried  out  in  Ar  and  its  purpose  was  to  remove 
the  oxide  layer  formed  on  the  target  surface  upon  air-exposure  (6).  If  this  step  is  omitted,  the  film 
that  IS  ultimately  deposited  will  be  an  aluminum  oxynitride  with  unieproducible  chemistry  (8).  The 
second  presputter.  earned  out  in  the  gas  composition  used  to  deposit  the  film,  allows  time  for 
discharge  and  target  reacuons  to  reach  dynamic  equilibrium.  Both  prcspuiteis  were  monitored  in 
situ  using  either  optical  emission  spectrometry  (9)  or  glow  discharge  mass  spectrometry  (4 .6).  The 
tune  requued  for  each  presputter  was  determined  from  these  measurements,  and  was  typically 
<  I  hr.  After  the  presputters  were  completed,  the  shutter  was  opened  and  a  film  was  deposited. 

The  diagram  shown  in  Fig.  1  was  obtained  by  varying  the  nommal  chemistry  of  Ar-Ne-N2 
discharges  at  a  fixed  cathode  voltage  of  -1.7  kV.  Similar  "phase  maps"  indicating  the  region  of 
process  parameter  space  in  which  a  particular  structure  prevails  were  constructed  for  other  values 
of  cathode  voluge  as  well.  These  maps  apply  to  growth  on  all  of  the  substrate  types  used  here.  In 
(he  regune  of  low  surface  diffusion  and  near  unity  sticking  coelficient.  the  effect  of  different 
nucleating  surfaces  is  apparently  muiimal. 

The  general  phase  formabon  sequence  for  sputter  deposited  aluminum-nitrogen  films  grown 
near  room  temperature,  mapped  in  Fig.  I .  is  as  follows:  <111  >-oneniaiion  fee  Al-»muitiorieniation 
fee  Al:N-*phase-separated  (Ai:N)i.x-KAiN)x-»nanocrystalline  hep  AlN-*multiorieniauon  hep 
AIN— » <0001  >-orientaiion  hep  AIN.  There  are  iwoequilibnum  phases  in  the  aluminum-nitrogen 
system  at  standard  temperature  and  pressure,  fee  A1  and  hep  wurtziie-type  AIN.  Sputter  deposition 
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Figure  I.  A  phase  map  for  the  aluminum-nitrogen  system  sputter  deposited  on  water-cooled 
substrates  using  up  to  three  components  in  the  sputtering  gas.  Ar.  Ne.  and  N2 
Cathode  voluge  »  -1.7  kV.  total  pressure  «  10  mtotr.,  <0001>  *  basal  onentauon  AIN, 
mo  *  multiorienuiion  AIN.  n-  =  nanociysulline  AIN.  (After  Ref.  9) 

is  a  nonequilibnum  process,  which  could  produce  phases  and  structures  not  predictable  from 
thermodymanic  considerations.  However,  the  above  data  does  not  support  metastable  phase 
formation  in  the  aluminum-nitrogen  system. 

NaiKxrysialline  AIN  films  were  grown  here  usmg  Ar-N2  and  Ar-Ne-N2  discharges. 
Although  gas  dynamics  is  beyond  the  scope  of  the  present  paper,  it  is  important  to  understand  the 
effects  of  Ar  and  Ne  on  phase  formation.  Aluminum  cannot  be  nitnded  by  ground  state  N2.  N2'*^ 
in  the  discharge,  however,  dissociates  upon  unpact  with  a  solid  surface  to  produce  N  ( 1 4)  which 
can  nitride  aluminum.  One  way  in  which  S2'*^  is  created  in  the  discharge  is  by  Penning  ionization 
( I S).  i.e.  the  gas  phase  collision  of  a  ground  state  N2  molecule  with  a  rare  gas  atom  in  a  low-lying 
metasiable  energy  level.  The  energy  lequircment  is  that  the  metistable  level  of  the  rare  gas  atom 
be  greater  than  15.58  eV.  the  ionization  potential  of  N2  A  metasiable  Ne  atom  is  able  to  Penning 
ionize  N2  whereas  metasiable  Ar  cannot  (4).  the  addition  of  Ne  to  an  Ar  plasma  containing  a  small 
amount  of  N2  vastly  increases  the  N2'*’  ion  flu*  to  the  substrate  ( 16). 

But  how  does  the  N2'*’  fiu*  influence  phase  formation  in  the  film?  To  answer,  we  used  in 
situ  optKal  specffometry  ( 1 7)  to  monitor  the  emission  intensity  from  electronically  excited  (* )  N2'* 
and  neutral  alummum  atoms  ui  the  negative  glow  region  of  the  discharge.  The  emission  intensity 
rado  I(N2‘*'*(39  14  A)/l(  AI*(396  I  A))  is  shown  in  Fig.  2  (9)  asa  funcbon  of  the  nominal  sputtering 
gas  N2  content.  Stoichiometnc  AIN  (nanocrystalline,  multionentation.  or  c000l>-onentaiion)  is 


272 


AiIA  amO  Ta(T 


fonncdwhcnI(N2**(39l4A)mAl^3%l  A)120.9  Thisraiio.smach.nc  s^cinc.butcorre 

w.(h  dual  .on  beam  depos.uon  data  for  the  alum.num-n.uogen  system  ( \83  allows 
w.ih  an  amvat  Oux  of  one  molecule  for  every  two  Al  atoms. .  e. .  a  un.ty  rai.o  of  N/Al. 
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Fig.  2.  The  raiK)  of  optical  emission  iniensiues  from  the  voo  band  head  of  the  ' 

transuion  at  3914  A  and  the  AlO  {4s^3p!  transition  at  3961  A  ^  ®  ^Caih- 

icnt  m  Ar-N2  and  Ne.N2  discharges,  and  b)  gas  Ar  content  m  5%  N2-Nc-Ar 
ode  voltage  =  -1 .7  kV.  tout  pressure  *  10  mton.  Blackened  symbols  represent  nanocrysull.nc 
AIN  (After  Ref.  9).  Right  side  ordinate  scale  marks  N/Al  atomic  flux. 
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ratio  is  shown  on  a  second  ordinate  scale  in  Fig.  2.  From  these  data,  it  can  be  seen  that 
nanocrystalline  AIN  is  fonned  when  the  N/AJ  rabo  at  the  substrate  is  close  to  unity,  i.e.  al'  vnving 
N2^  is  consumed  by  the  growing  Ftlm.  Incitasuig  the  N/Al  ratio  shifts  the  phase  i  ./rmation 
sequence  towards  <OOOI>-A1N.  Based  on  this  dau.  it  can  be  seen  that  it  is  not  practical  to  try  to 
grow  nanocrystalline  AIN  using  Ne-N2  discharges.  The  window  for  its  production.  Ne  discharges 
containing  greater  than  0  and  less  than  S%  N2.  is  too  small  for  good  process  control. 


ni.  nLM  CHARACTERISTICS 


Structural  and  chemical 

The  double-angle  x-ray  diffraction  (XRD)  pattern  of  a  -  I  m-ihick  Film  grown  on  <1 1  i>-Si 
in  70%  Ar-30%  N2  gas  is  shown  in  Fig.  3a  (7).  Broad,  weak  peaks  corresponding  to  diffraction 
fromi  lOIOI.  |00Q2|,  and  (1011)  AIN  planes  are  present.  In  addition,  there  is  a  featureless 
background  that  rises  at  lower  angle.  A  long  time  exposure,  cylindrical  camera  pattern  of  the  same 
film  (Fig.  3b)  shows  arcs  corresponding  to  weak  reflections  from  the  above-mentioned  AIN  lattice 
planes.  These  XRD  patterns  are  lepresentaiive  of  all  of  ilie  nanocrystalline  AIN  Films  studied  here, 
and  are  characteristic  of  a  material  with  small  crystallites  *  regions  of  poorly-deFmed  crysta' 
structure.  For  comparison,  the  XRD  patterns  of  a  <000 1 >- AIN  Film  of  the  same  thickness  is  shown 
in  Figs.  3c  and  d. 

Figure  4  is  a  transmission  electron  micrograph  showing  the  nanoscale  structure  and 
boundary  network  of  a  Film  grown  on  carbon  ribbon  using  a  95%{Ne0.8-'- Aro.2)-5%N2  discharge. 

The  Films  were  examined  (as  a  matter  of  routine  without  regard  for  their  nanocrysullinity) 
by  traditional  spectroscopic  techniques  that  yield  information  about  average  chemistry  and 
aluminum-niuogen  coordination.  X-ray  phoioelectron  (XPS)  and  Auger  electron  spectroscopy 
(AES)  of  Films  on  <UI>-Si,  and  Rutherford  backscattering  spectroscopy  of  Films  on  carbon 
ribbon,  showed  that  nanocrystalline  AIN  is  stoichiometric  within  the  accuracy  of  the  measurement. 
XPS  core  electron  binding  energy  and  AES  kinetic  energy  spectra  showed  that  alumuium-nitrogen 
coordination  was  characteristic  of  the  tetrahedral  bonding  in  wurtziie-iype  hep  AIN.  However, 
these  techniques  are  not  useful  for  probing  bonding  in  the  crystallite  boundary  region.  Future  work 
will  involve  speciFic  spectroscopies  for  this  purpose. 

Optical 

Optical  behavior  near  the  fundamental  absorpuon  edge  of  a  disordered  wide  band  gap 
semiconductor,  such  as  nanocrystalline  AIN.  can  differ  from  its  ordered  counterpart  (the  perfect. 
inFmiie-size  or " virtual"  crystal)  in  several  ways,  including  edge  broadening  and  the  formation  of 
discrete  intraband  absorption  states  ( 19).  Nanociysialline  AIN  Films  are  visually  transparent  and 
colorless  in  transmitted  light.  Near  UV-visible-i'ear  IR  optical  transmittance  and  reflectance  of 
Films  grown  on  fused  silica  was  measured  by  spectrophoiometery  The  absorption  coefFicient.  a. 
was  calculated  from  these  data  and  is  shown  in  Fi  g.  Sa  as  a  function  of  incident  photon  energy.  E 
(10). 

The  onset  of  the  fundamental  optical  absorption  edge  is  at  ~4  eV  The  shape  of  the  edge  was 
modeled  using  the  coherent  potenbal  approximation  with  Gaussian  sue  disorder  (20)  introduced 
in  the  valence  and  conduction  bands  of  a  vmual  crystal  with  parabolic  band  edges  and  an  energy 
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Figure  3.  A  double-angle  XRD  pauem  of  a)  nanocry sial line  AIN  and 
c)  <0001  >- AIN  on  <lll>  Si:  a  cylindrical  camera  pauem  of  b)  nanocrysialline  AIN  and 
d)  <000!>-AlN  on  <1U>-Si.  (From  Ref.  7) 

band  gap.  Eg.  The  value  of  Eg  was  determined  graphically  as  shown  in  Fig.  5b  and  found  equal 
(o6. 1 8  eV.  in  agreemeni  with  data  for  epitaxial  <0001  >- AIN  grown  at  high  temperature  on  sapphire 
(21). 

A  general  expression  (applicable  to  a(/  AIN)  relating  the  inverse  slope  of  the  absorpuon  edge. 
Eo.  and  the  optical  band  gap.  Ex.  of  the  matenal  was  denved: 


Ex=b.l8eV  -2.3  Eo. 


(1) 
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Figure  4.  A  transmission  electron  micrograph  showing  the  nanoscale  structure  and 
boundary  network  of  a  nanocrystalline  film  grown  on  carbon  ribbon. 

Ex  was  found  to  range  from  S^O  to  S.64  eV.  A  relative  disorder  parameter,  defined  as  ( Eo)  ^  ^  (22). 
enabled  comparison  of  films  grown  under  different  conditions.  Equation  ( I )  was  recently  used  by 
other  investigators  (23)  working  with  nanocrystalline  AIN. 

In  addition  to  edge  broadening,  discrete  intragap  stales  associated  with  nanocrystallinity 
were  identified.  These  states  were  responsible  for  the  low  energy  shoulder  that  occurs  between  4- 
S  eV,  as  seen  in  Fig.  Sa.  What  remains  to  be  done  is  to  correlate  these  states,  as  well  as  opucal  edge 
broadening,  with  specific  electronic  defects  that  are  a  consequence  of  structural  disorder  at 
crystallite  boundaries. 


IV.  CORROSION  PROTECTION  BEHAVIOR 

We  will  next  summarize  experiments  to  determine  the  corrosion  protection  behavior  of 
nanoctystalline  films  on  I  (X)8  steel  ( 1 1  •  1 3).  Data  for  other  types  of  films  will  also  be  presented  for 
comparison,  including  A1:N  and  composite  AJ;N-«-nanocrystalline  (n-)AlN  wiih  different  values  of 
electical  resistivity.  The  films  were  grown  using  Arx+Ne  i  .x)-5%  N2  discharges,  w  ith  values 

of  X  given  in  Table  I. 


TABLE  I 

Growth  Parameters  Thickness  [d]  Resistiviiy  (p).  and  Siruciure 


Film 

X  d 

lArx*Ne|.xl  Ipm) 

p  Strucnire* 

[|iA-cm] 

A 

020 

1.4 

b 

n-AlN 

B 

025 

l.l 

219 

AI:N*n-AlN 

C 

030 

II 

84 

AliN-fn  AIN 

D 

050 

14 

7 

AI:N 

•  In-  =  ntnoc ry suUme.  bl nonconduciof  p  2  pOon.  p  of  Al  =  2  S  pfl-cm. 
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Figure  5.  a)  The  opucal  absorption  coefficient,  a,  as  a  function  of  the  incident  photon 
energy.  E.  for  sputter  deposited  nanooysialline  AIN  on  fused  sibca:  b)  Curves  AA'  and 
BB'  are  the  best  fit  to  the  data  shown  in  Rg.  5a  for  films  grown  at  -M  and  -1.7  kV. 
respectively.  The  band  gap  of  the  virtual  crystal  is  determined  by  the  value  of  E 
at  which  Curves  A  and  B  intersect.  Eg  s  6. 18  eV.  (From  4lef.  10) 
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Electrochemical  measuremenu  were  made  by  using  the  film-*-steel  sample  as  the  test 
electrode  in  a  Model  K47  EG&G  Pnneeton  Applied  Research  corrosion  cell.  The  electrolytic 
solution  was  02-purged  0.2M  KCl.  Test  electrodes  were  equilibrated  in  solution  for  24h  prior  to 
cathodic  polarization,  described  next. 

The  overall  corrosion  reaction  of  interest  here  is. 

Fe  +  2H+  -+  Fe+2  +  H2.  (2) 

and  the  cathodic  (half<ell)  electrode  reaction  is  the  reduction  of  ions  that  ate  formed  by  the 
dissociation  of  water  in  the  electrolyte. 

2H+  ■*.  2c-  -♦H2  (3) 

The  open  circuit  potential  of  the  cell  is  Vo.  For  reference,  Vo  for  Fe  and  AJ  is  equal  to  -660 
and  -1882  mV  respectively  (26),  therefore  galvanic  action  between  these  metals  is  possible.  The 
relationship  between  reaction  current.  1.  and  overpotential,  V-Vo,  is  given  by  the  Butler-Molmer 
equation  (23).  Cathodic  polarization  curves  were  obtained  by  applying  an  increasingly  negative 
overpotential  to  the  test  electrode  until  -230  mV  from  Vq  was  reached.  The  cathodic  polarization 
curves  were  extrapolated  to  Vo  to  obtain  the  steady  state  corrosion  current  lo.  as  detailed  in  Ref. 
(11). 

lo  is  a  measure  of  the  steady  state  corrosion  rate  for  the  test  electrode,  and  is  used  here  as  the 
parameter  with  which  to  compare  the  corrosion  rate  of  the  coaled  steel.  lo  for  an  uncoated  steel 
electrode  is  equal  lo  v^ues  between  4 . 1  and  3  J  |tA/cm2.  lo  for  an  uncoated  commercial  grade  1 1  (X) 
I  A1  electrode  is  equal  to  3.0  uA/cm2. 

I  Table  2  records  values  of  Vo  and  lo  obtained  for  the  n-AlN,  A1:N  and  composite  films. 

Comparing  the  values  of  lo.  it  can  be  seen  that  the  four  films  represent  a  wide  range  of  corrosion 
behavior.  Iq  is  lowest  for  n-AIN  (film  A),  increases  more  than  an  order  of  magnitude  for  Al:N'fn- 
AIN  (films  B  and  O,  and  over  two  orders  of  magnitude  for  A1:N  (film  D).  Figure  6  shows  lo  as 
a  function  of  resistivity,  p,  for  conducting  films  B.  C.  and  D.  It  can  be  seen  that  lo  increases  linearly 
with  decreasing  p. 

We  wanted  to  study  the  chemisty  of  the  corrosion  process  for  n-AlN-coated  steel  as  a 
function  of  time  so  that  a  model  could  be  developed.  Electrolyte  pH  values  were  determined  as  a 
function  of  exposure  time  of  film  A  to  KG,  using  a  Beciman  AJtex  model  pHi  43  pH  meter.  pH 


TABLE  2 

The  Open  Circciit  Potential  [Vo]  and  the  Exchange  Current  Density 
(lol  of  Aluminum-Nitrogen  Films  on  Steel 


Film 

Vo  (mV) 

lo  (nA/cm2| 

A 

-723 

0.09 

B 

-750 

2.10 

C 

-675 

6.30 

D 

666 

9.90 
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measurements  were  made  at  daily  mtervals  for  7  days.  Surface  hydroxide  formed  at  the  electrolyte- 
film  interface,  increasing  the  OH'  concentration  in  the  electrolyte  by  the  followmg  reaction  ( 1 2): 

AIN  f  4H20  -♦  Al(OH)3  +  NH4-*-  +  OH*.  (4) 

The  electrolyte  OH-  concentration  increased  by  an  order  of  magnitude  from  its  initial  value  after 
containing  film  A  for  2  days,  after  which  the  OH-  concentration  remained  constant 

XPS  was  used  to  determine  changes  in  film  surface  chemistry  that  accompanied  corrosion. 
Table  3  lists  the  binding  energy  of  N 1  s  A1 2p.  O I  s  and  Fc  2p  |/2-3/2core  photoelwtron  peaks  from 
films  A  (n- AIN)  and  D  ( A1;N)  before  and  after  exposure  to  electrolyte  for  7  days.  A  comparison 
shows  that  after  KG  exposure; 

1)  Fe  was  present  on  the  surface  of  film  D  and  bonded  to  O  in  some  form,  probably  as  a 
hydroxide  (27).  and  absent  from  the  surface  of  film  A.  Fe-hydroxide  is  produced  from  Fe'^2,  a 
corrosion  reaction  product,  as  follows; 

Fe*2^.20H--»Fe(OH)2.  (5) 

2)  The  amount  of  N  on  the  surface  of  film  A  was  greatly  reduced,  and  the  amount  of  O  was 
increased,  indicatmg  that  oxidizing  changes  occurred  in  the  outermost  layer  of  the  n- AIN  film  after 
exposure  to  the  electrolyte. 

The  physical  aspects  of  the  corrosion  process  of  bare  steel  in  contact  with  an  electrolytic 
solution  can  be  summarized  in  five  steps; 

1.  H'*' arrives  from  solution  and  is  adsorbed  on  the  steel  surface. 

2.  H'*’ad  combines  with  an  electron  from  the  steel  to  form  a  neutral  adsorbed  hydro¬ 
gen  atom.  Had- 

3.  Two  Had  atoms  combine  to  form  a  H2ad  molecule. 

4.  Many.  n.  H2ad  molecules  combine  to  form  a  nH2ad  bubble. 

5.  The  nH2ad  bubble  desorbs  from  the  steel  surface. 

The  fact  that  Fe  was  not  present  on  the  surface  of  n- AlN-coated  steel  (film  A)  and  was  present 
on  the  surface  of  Al;N-<;oated  steel  (film  D)  supports  lo  data  showing  the  capability  of  n-AIN  to 
inhibit  the  basic  corrosion  reaction  given  by  Eq.  (2).  We  propose  ^at  the  n-AIN  film  specifically 
inhibits  Step  2  by  being  a  barrier  to  H'^’ad  diffusion  to  the  underlying  steel.  It  is  also  likely  that  the 

TABLE  3 

X-ray  Photoelectron  Spectroscopy  Data  for  Nanocrystalline  AIN  and  A1:N 
Before  and  After  Exposure  to  Electrolyte 


Binding  Energy  (±0.2  eV) 

Film  Condiuon  A12p  N 1$  0  1s  Fe2p3/2  Fe2pi/2 


A.  n-AIN 

as- grown 

73.4 

396.2 

531.4 

no  peaks 

A.  n-AlN 

KCl 

73.9 

531.5 

nupeaks 

D.  A1  :N 

as-grown 

73.3 

3%9 

531.1 

no  peak'. 

D.  AI:N 

KCl 

73.9 

396.3 

531J 

710.4 

723.7 


NANOcprsTiLUJ>«  Alummuh  Nitnne 


279 


amount  of  H***  adsorbed  on  the  surface  of  n-AlN  will  be  less  than  H'*'  adsorbed  on  bare  steel  (8. 28. 
29). 

The  question  now  arises  as  to  whether  n-AlN  is  inert  or  is  itself  changed  by  exposure  to 
electrolyte.  Solution  pH  measurements  show  an  initial  increase  in  the  amount  of  OH-  in  the 
electrolyte  as  a  result  of  contact  with  n- AIN.  suggestL.g  that  AIN  reacts  with  water  in  the  electrolyte 
via  Eq.  (4).  The  Al-hydroxide  that  forms  “seal'"  the  n-AIN  film,  and  consequently  protects  the 
underlying  steel  from  corrosion,  after  which  no  further  change  in  solution  pH  is  observed. 

XPS  data  show  an  increase  in  the  amount  of  AJ  bonded  to  O  and  a  decrease  in  the  amount 
of  A1  bonded  to  N  at  the  surface  of  the  film  after  exposure  to  electrolyte,  consistent  with  the 
conversion  of  AIN  to  A)(OH)3.  According  to  the  above  model,  any  internal  surface  in  the  film  such 
as  a  pore,  fissure,  or  pin-hole  or  nanocrystailitt  boundary  that  is  exposed  to  electrolyte  will  also 
self-seal.  This  phenomerxm,  shcmatically  dtasvn  in  Fig.  7,  was  observed  to  occur  (12). 

Aluminum,  a  material  that  is  traditionally  used  as  a  protective  coating  for  steel,  or  for  that 
matter,  another  metal,  might  also  self-seal  by  forming  a  hydroxide.  However,  if  internal  surfaces 
exist  in  the  film  such  that  the  electrolyte  comes  into  contact  with  the  steel  substrate,  a  galvanic 
aaion  will  be  established  before  self-sealing  occurs  provided  that  Vq  values  for  the  metal  and  steel 
are  different  (30). 

In  addition  todifferences  in  Vq,  another  criterion  for  galvanic  corrosion  is  that  electiomigration 
from  the  film  to  the  steel  must  be  possible.  Bectromigration  is  not  possible  in  insulating  n-AlN. 
Figure  6,  which  shows  the  linear  decrease  of  lo  with  increasing  electrical  resistivity  for  the 
conducting  films  B,  C.  and  0,  gives  additional  supporting  evidence  of  the  superior  behavior  of  an 
electrically  insulating  material  for  corrosion  protection. 


p  [pn-cml 


Figure  6.  The  exchange  current  density,  lo.  as  a  function  of  resistivity,  p. 
for  AI;N  and  AI.N+  n-AlN  films  on  steel.  (From  Ref.  12) 
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Rgurt  7.  The  n-AlN  ntm  as  a  self-sealing  porous  electrode.  (From  Ref.  1 2) 


V.  SUMMARY 

We  reviewed  the  growth  of  nanocrystalline  AIN  by  low  pressure  reacave  sputter  deposition 
using  an  Al  target  and  Ar-Ne-N2  and  Ar-N2  discharges  and  presented  a  phase  map  showing  the  gas 
composition  range  over  which  this  mautrial  was  formed.  In  situ  optical  emission  spectrometry  was 
used  for  discharge  monitoring  and  eriabied  us  to  relate  tlie  ratio  of  the  N2'^/AJ  (lux  to  the  substrate 
to  nanocrystailine  AlN  growth. 

With  respect  to  optical  behavior,  the  position  and  shape  of  the  near-ultraviolet  fundamenul 
absorption  edge  of  nanocrystalline  AIN  on  fused  silica  was  determined  from  transmission  and 
reflection  measuremenis.  The  onset  of  the  edge  was  at  -4  cV.  The  absorption  coefTicient  as  a 
function  of  energy  was  modeled  using  the  coherent  potenoal  approximauon  with  Gaussian  site 
disorder  in  the  valenre  and  conduction  bands.  The  optical  band  gap  was  calculated  from  this  data 
ar.d  found  to  ra:ige  from  5  JO-5.64  eV.  compared  to6. 1 8  e  V  for  a  perfect  “infinite-size"  AIN  crystal . 

The  corrosion  behavior  of  narwctystailine  AIN-coated  steel  was  also  reviewed.  The 
corrosion  rate  for  nanocrystailine  AlN<oa^  steel  was  several  orders  of  magnitude  lower  than  for 
uncoated  steel.  A  self-sealing  portnis  electrode  model  of  corrosion  protection  was  proposed  to 
explain  this  result.  This  model  applies  to  any  film  material  that  fulfills  two  requirements:  I )  there 
must  be  a  (therrrKxlynamic)  driving  force  for  the  film  to  react  wid:  to  form  a  self-sealing 

hydoxide;  2)  there  must  be  noelectromigration  from  the  film  to  the  steel,  so  that  no  galvanic  action 
precedes  self-sealing.  Nanocrystalline  ceramics  are  especially  attractive  for  corrosion  p.otection 
applications  because  of  the  amount  of  active  internal  surface  area  available  for  hydroxide 
formation. 
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